
 

 

Alasdair Gunn 

 

St Hugh’s College 

 

Trinity term 2015 

 

Word count: 46,112 

 

 

 

 

 

 

 

 

 

 

 

Investigation and characterisation of novel 

poly(ADP-ribose)-binding proteins in  

Dictyostelium discoideum 

A thesis submitted to the Board of the Medical Sciences Division, University of Oxford, in 

partial fulfilment of the requirements for the degree of Doctor of Philosophy 



i 

Investigation and characterisation of poly(ADP-ribose)-binding proteins in 

Dictyostelium discoideum 

Alasdair Gunn – St Hugh’s College – Trinity 2015 

Submitted for the degree of Doctor of Philosophy 

 

The genome is under continual assault from endogenous and exogenous sources of DNA 

damage. The cell has therefore evolved a number of pathways to identify, signal, and 

ultimately repair DNA lesions. Poly(ADP-ribosyl)ation, the addition of multiple ADP-

ribose moieties to proteins to form poly(ADP-ribose) (PAR) chains, has been implicated in 

several DNA repair pathways. One function of these PAR chains is to act as a scaffold for 

the recruitment of downstream repair proteins, suggesting the existence of protein domains 

that specifically bind PAR. Several of these domains have been identified, the best 

characterised being the PBZ and macro domains.  

We utilise in silico genome-wide searches to identify novel proteins containing PAR-

binding domains in the simple eukaryotic model organism Dictyostelium discoideum. We 

identity three proteins with unannotated macro domains in Dictyostelium: DNA ligase III 

(Lig3), an aprataxin-like protein (APL), which also contains a PBZ domain, and Q54R54. 

The macro domain of APL was found to be circularly permuted compared to the other 

human and Dictyostelium macro domains; however, structure prediction by homology 

modelling indicated that it had retained the structure of a classical macro domain. We 

performed in vitro PAR-binding assays that indicated that the macro domains of both Lig3 

and APL bind to PAR chains. Lig3 is enriched on DNA following the infliction of base 

damage, indicating its role in the SSBR pathway. However, the dependence of this 
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pathway on PARylation has not been determined. In contrast, APL was found to be 

enriched on chromatin in response to DNA inter-strand cross-links and S-phase-associated 

double-strand breaks, which was reduced following mutation of both the PBZ and macro 

domains of APL. Furthermore, APL was found to be mono-ubiquitinated in response to 

DNA inter-strand cross-links, an event that is dependent on its macro domain region. 

These data indicate a role for APL in the repair of DNA inter-strand cross-links, or S-

phase associated DNA damage, which would not be predicted from its homology to 

aprataxin, thereby suggesting a protein with novel characteristics in the DDR in 

Dictyostelium.  
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1. Introduction 

 

1.1 The DNA Damage Response 

The cell is under continuous attack from genotoxic agents, resulting in a constant stream of 

damage to its DNA. Such agents arise from both exogenous and endogenous sources, and 

cause various types of DNA lesions, including: single-strand breaks (SSBs), base damage 

or mismatches, double-strand breaks (DSBs), intra-strand and inter-strand crosslinks 

(ICLs).  If left unchecked, these damages would accumulate, ultimately resulting in a high 

level of genetic mutation and gross chromosomal rearrangements. Therefore, the cell has 

evolved a complex network of pathways to signal and repair the damage, which are 

collectively referred to as the DNA damage response (DDR). Failure of the DDR leads the 

cell to an unstable genetic state, which is observed in many clinical conditions, including 

neurological disorders and cancer
1
. Therefore, a greater understanding of the molecular 

functioning and regulation of the DDR may further our knowledge of a number of disease 

states, and potentially provide therapeutic targets for drugs
2
. 

The pathways of the DDR share the same structure as many other biological signal 

transduction pathways. The DNA lesion is first detected by specialised sensor proteins, 

which then recruit downstream transducers to signal the damage. The targets of this signal 

are the effector proteins, which perform the variety of functions required for an effective 

response to the damage: repair, cell-cycle regulation and, potentially, apoptosis. Damage 

signalling utilises the diverse range of protein post-translational modifications available to 

the cell, such as phosphorylation and acetylation. For example, the histone variant H2AX 

is phosphorylated at S139 by three known phosphatidylinositol 3-kinase-like kinases 
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(PIKKs): ATM, ATR and DNA-PKcs, in response to DNA DSBs
3–6

. This rapid 

phosphorylation is required for the recruitment of downstream DSBR factors
7
. Moreover, 

acetylation of histone H4 in yeast was shown to be required for DSBR, which has since 

been observed in mammals
8,9

. These are a small subset of the known protein post-

translational modifications implicated in DNA repair. In addition to phosphorylation and 

acetylation, ubiquitination, SUMOylation, and ADP-ribosylation have also been shown to 

be functional components of many DNA repair pathways. The role of these post-

translational modifications, particularly ADP-ribosylation, will be discussed throughout 

this thesis. 

1.2. ADP-ribosylation 

ADP-ribosylation is a protein post-translational modification in which ADP-ribose 

moieties are covalently attached to target proteins. The enzymes responsible for catalysing 

these reactions are ADP ribosyltransferases (ARTs), which use NAD
+
 as a substrate. ADP-

ribosylation events can be divided into two categories: mono(ADP-ribosyl)ation 

(MARylation) and poly(ADP-ribosyl)ation (PARylation), in reactions that are catalysed by 

mono-ADP-ribosyltransferases (MARTs) and poly(ADP-ribose) polymerases (PARPs), 

respectively. MARylation is defined as the addition of one ADP-ribose moiety to a target, 

whereas PARylation is the addition of multiple units to form a linear or branched chain. 

PAR chains have been observed to be up to 200 ADP-ribose units in in length, with 

multiple branching points
10

. Typically, glutamic acid, aspartic acid, arginine and lysine 

residues in target proteins are ADP-ribosylated
11

.  The formation of poly(ADP-ribose) 

chains is a rapid process, and these chains are turned over on the timescale of seconds to 

minutes
12

. Both PARylation and MARylation have been implicated in numerous cellular 

processes, including the response to stress, transcriptional regulation, and the DDR
13–16

. 
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The well-established role of ADP-ribosylation in DNA repair will be described in Sections 

1.3-1.7, in the context of the specific repair pathways in which it is utilised.  

1.2.1. Metabolism of ADP-ribose 

In humans, there are seventeen known ARTs, which are identified through conservation of 

a PARP catalytic domain (or ADP-ribosyltransferase fold)
17

. This domain bears strong 

structural and functional conservation with diphtheria toxin (DT), which is the pathogenic 

toxin secreted by Corynebacterium diphtheria from which ADP-ribosylation was first 

identified
18

. Among their conserved features is a triad of amino acids, H-Y-E (His-Tyr-

Glu) in DT, which is important for the binding of NAD
+
 and catalytic activity of the 

protein (Figure 1.1)
19–21

. Human ARTs can be divided into two classes: those which 

contain the H-Y-E triad (ARTD1-ARTD6), and those where the glutamic acid of the triad 

is replaced by a leucine, isoleucine, valine or threonine (ARTD7-ARTD17). ARTD9 and 

ARTD13 possess additional point mutations to the histidine residue of the triad, and are 

believed to be catalytically inactive as a result
11

. The glutamic acid residue of the triad in 

ARTD1 (E988) is vital for PAR chain elongation, as mutations of this amino acid 

abrogated this function
22

. This led to the prediction that the H-Y-E group of ARTs are 

PARPs, and the others are MARTs
23

. Experimental evidence has largely been gathered by 

studying the auto-modification activity of the ARTs, and largely supports the triad 

predictions (Table 1.1)
24–30

. However, ARTD3 and ARTD4 have both been shown to act 

as MARTs, contracting these predictions. Recently, other structural elements of the NAD
+
 

binding pocket have been shown to affect catalytic activity. The role donor loop, which 

interacts with NAD
+
 directly, and the acceptor loop, which is thought to mediate the 

accepting and incorporation of ADP-ribose units (Figure 1.1), have been elucidated 

through the generation of ART-chimeras
31,32

. This analysis showed the formation of PAR  
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Figure 1.1 – The structure of the catalytic domain of human ARTD1. The crystal

structure of the catalytic domain of human ARTD1 (PDB ID: 3L3M), bound to an NAD+

analogue inhibitor (A927929, grey). The H-Y-E triad motif is shown in yellow, while the

donor loop and the acceptor loop are shown in orange and red, respectively. Adapted from

Vyas & Cheng (2014).

NAD+ analogue

Donor loop

Acceptor loop

H-Y-E motif
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ADP-ribosyltransferase Triad Auto-modification

ARTD1 (PARP1) H-Y-E PARylation (conf.)

ARTD2 (PARP2) H-Y-E PARylation (conf.)

ARTD3 (PARP3) H-Y-E MARylation (conf.)

ARTD4 (PARP4, vPARP) H-Y-E MARylation (conf.)

ARTD5 (PARP5a, TNKS) H-Y-E PARylation [non-branched] (conf.)

ARTD6 (PARP5b, TNKS2) H-Y-E PARylation [non-branched] (post.)

ARTD7 (PARP15, BAL3) H-Y-L MARylation (conf.)

ARTD8 (PARP14, BAL2) H-Y-L MARylation (conf.)

ARTD9 (PARP9, BAL1) Q-Y-T Not detected

ARTD10 (PARP10) H-Y-I MARylation (conf.)

ARTD11 (PARP11) H-Y-I MARylation (post.)

ARTD12 (PARP12) H-Y-I MARylation (post.)

ARTD13 (PARP13, ZAP1) Y-Y-V Not detected

ARTD14 (PARP7, TiPARP) H-Y-I MARylation (post.)

ARTD15 (PARP16) H-Y-Y MARylation (conf.)

ARTD16 (PARP8) H-Y-I MARylation (post.)

ART17 (PARP6) H-Y-I MARylation (post.)
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Table 1.1 – Summary of human ADP-ribosyltransferases. The current nomenclature

and historical names of the 17 human ADP-ribosyltransferases (ARTs). The catalytic

activity of each ART is thought to be predicted by its triad motif (second column), with H-

Y-E indicating a poly(ADP-ribose) polymerase (PARP); however, exceptions to this rule

have been identified. Variants in the glutamic acid of the triad are unable to elongate PAR

chains, and are therefore predicted to be mono-ADP-ribosyltransferases (MARTs).

Additional amino acid changes render the catalytic domain inactive. ARTs are

characterised by studying their auto-modification activity, which is listed in the third

column as confirmed (conf.) or postulated (post.). ARTD5 and ARTD6 are found to

synthesise unbranched PAR chains of up to 20 amino acids only. References for activity

are in the main text. Adapted and updated from Hottiger (2010).
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polymers or MAR is determined by the donor loop structure, whereas the acceptor loop 

affects kinetics of chain formation
33

.   

Although the functions of the entire family of human ARTs have not yet been uncovered, 

those which have been characterised have been implicated in a wide range of cellular 

pathways. Aside from their catalytic domains, these proteins carry a wide range of 

additional domains that enable them to function in these diverse processes
11,17

.  ARTD1 

(PARP), ARTD2 (PARP) and ARTD3 (MART), have been well characterised as 

catalysing the ADP-ribosylation of proteins in response to DNA damage
15,25,34

. More 

recently, ARTD8 (MART), ARTD9 (inactive) and ARTD10 (MART) have also been 

shown to be DDR factors
35–37

. Additionally, ARTD8 has a role in transcriptional 

regulation, while ARTD10 functions in signalling pathways and cell proliferation
38–40

. 

ARTD5 and ARTD6 are tankyrases that have roles in cell signalling and telomere length 

maintenance
41

. ARTD13 (inactive) and ARTD15 (MART) are involved in antiviral 

activity and the response to ER stress, respectively
40,42,43

. The specific functions of these 

proteins will be described in Sections 1.3-1.7, in relation to their domain architecture. 

ADP-ribosylation is a reversible modification with a rapid turnover, implying that proteins 

exist with catalytic activity opposite to that of the ARTs
12

. Several proteins have been 

identified which catabolise PAR chains. Poly(ADP-ribose) glycohydrolase (PARG) and 

ADP-ribosylhydrolase 3 (ARH3) are two such proteins that break ribose-ribose bonds in 

PAR chains, but are unable to cleave the bond between the base ADP-ribose moiety and 

the target amino acid
44–46

. Therefore, this catabolism leaves PARylated proteins 

MARylated. Proteins that are able to break the bond between the base ADP-ribose unit and 

the target modified amino acid will be discussed later. 
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1.2.2. Signalling of DNA damage by ADP-ribosylation 

Perhaps the best defined role of ADP-ribosylation is in signalling DNA damage. This was 

first suggested following the observation that cellular NAD levels were reduced after 

exposure to DNA damaging agents
47–50

. Subsequently, it was demonstrated that inhibition 

of ARTs resulted in an elevated sensitivity to DNA alkylating agents, and NAD depletion 

impeded the joining of DNA strand breaks
51

. These observations implicated ADP-

ribosylation in the DDR, and paved the way for future research. In general, PARylation in 

DNA repair is hypothesised to have two roles in damage signalling. Firstly, due to the 

negative charge of PAR chains, their formation is believed to relax chromatin at DNA 

lesions through electrostatic repulsion, thereby allowing repair proteins access to the 

lesion
52,53

. Secondly, PAR chains are also thought to directly recruit downstream repair 

proteins through their interaction with specific PAR-binding domains, or to stabilise 

protein-protein or protein-DNA interactions at DNA breaks
15,34,54

. A large volume of 

research has been directed towards identifying the role of individual ARTs in specific 

DNA repair pathways. 

1.3. ADP-ribosylation in DNA single-strand break repair 

1.3.1. Sources of single-strand breaks 

DNA SSBs are one of the most common forms of DNA damage. Such lesions typically 

arise from endogenously produced reactive oxygen species (ROS), such as hydrogen 

peroxide, or as intermediates of other cellular processes
55

. Damaged DNA bases are 

removed by the base excision repair (BER) pathway, which excises the damaged base to 

leave a SSB
56

. Similarly, the abortive action of DNA topoisomerase 1, which introduces 

transient SSBs to relax DNA during replication and transcription, also leads to SSBs
57

. 
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1.3.2. Base excision repair (BER) 

As previously introduced, small base modifications, such as base alkylation, are repaired in 

a manner which results in the generation of a SSB, via the BER pathway. In BER, a 

specific DNA glycosylase cleaves the covalent bonds between the damaged base and the 

DNA backbone, removing the damaged base completely, leaving an abasic 

(apurinic/apyrimidinic; AP) site
58

. DNA glycosylates exist in two subfamilies: 

monofunctional and bifunctional.  Both subfamilies perform the action of removing the 

damaged base from DNA; however, bifunctional DNA glycosylates also display AP lyase 

activity, and cleave the DNA backbone to generate a SSB
59

. In the case of monofunctional 

DNA glycosylases, the AP site is processed into a SSB by AP endonuclease 1 (APE1)
60–62

. 

A large family of DNA glycosylases exist to excise a wide variety of damaged bases, and 

they are highly specific to their substrates
63,64

.  

1.3.3. Mechanism of SSBR 

Detection of SSBs is performed by ARTD1, which is activated upon binding to the lesion. 

Once catalytically active, ARTD1 PARylates itself and target proteins proximal to the 

SSB, facilitating the recruitment of downstream proteins
65,66

. One protein recruited to 

SSBs in this manner is the scaffold protein x-ray cross complementing factor 1 (XRCC1), 

which has no catalytic activity, but recruits further downstream proteins and increases the 

efficiency of single-strand break repair (SSBR) in mammals
67–70

. DNA ends are often 

chemically modified as a result of DNA damage, and therefore require processing prior to 

SSB ligation. This end processing is performed by numerous enzymes, with a range of 

catalytic activity to match the diverse nature of ends encountered. AP endonuclease 

(APE1) and tyrosyl-DNA phosphodiesterase 1 (TDP1) both remove 3’-phosphoglycolate 

groups, whereas 3’-phosphate and  5’-AMP groups are removed by polynucleotide kinase 
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3’-phosphatase (PNKP) and Aprataxin (APTX), respectively
71–76

. 5’-AMP groups are 

thought to arise as products of adenylation in aborted ligation attempts. Additionally, 

TDP1 has been shown to hydrolyse 3’-phosphotyrosyl bonds formed from the abortive 

activity of DNA topoisomerase 1
77,78

.  

Following DNA end processing, the procedure known as gap filling replaces the absent 

nucleotides of the DNA sequence, using the intact complementary strand as a template for 

error-free repair. For gaps of a single nucleotide (short patch repair), gaps are filled by 

DNA polymerase beta (Polβ), which also possesses 5-deoxyribose phosphate lyase 

activity
79–81

. The polymerase dependence of long patch repair, which fills longer gaps, is 

less well understood. Polβ has been implicated in concert with flap endonuclease 1 (FEN1) 

and ARTD1, whereas proliferating cell nuclear antigen (PCNA) appears to initiate gap 

filling utilising DNA polymerases delta and epsilon (Polδ and Polε)
82,83

.  

The final step of SSBR is ligation to restore the DNA backbone. This is performed by 

nuclear DNA Ligase 3 (Lig3α, hereafter referred to as Lig3) and DNA Ligase 1 (Lig1). 

Lig3 is recruited to the damage site through an interaction with XRCC1
69,84,85

. 

Additionally, Lig3 possesses a zinc finger domain homologous to those found in ARTD1, 

which specifically binds to nicked DNA, thereby indicating that Lig3 may be directly 

recruited to some SSBs
68,86

. An alternative isoform of DNA Ligase 3 (Lig3β) is localised 

to the mitochondria, where it performs BER
87

. Deletion of Lig3β is lethal in human and 

mouse cell lines, presumably due to the fact that it is the only mitochondrial DNA 

ligase
88,89

. 

1.3.4. The role of ARTD1 and ARTD2 in SSBR 

As previously introduced, the detection and signalling of SSBs in humans is performed by 

ARTD1 (PARP1). The role of ARTD1 in the repair of DNA SSBs was first identified in 
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ARTD1
-/-

 mice, which displayed survival defects when exposed to DNA damaging 

agents
90,91

. Moreover, cells derived from these ARTD1
-/-

 mice showed elevated sensitivity 

to alkylating agents
92

. These data supported earlier observations that treatment of CHO 

cells with ART inhibitors led to increased levels of DNA damage following treatment with 

alkylating agents
93

. HeLa cells depleted of ARTD1 show slower kinetics of SSBR in G1-

phase of the cell cycle, and the recruitment of XRCC1 to DNA SSBs was also abrogated in 

these cells
94

. Furthermore, depletion of ARTD1 in human A549 cells leads to slower 

kinetics of repair of SSBs, and elevated sensitivity to oxidising agents
95

. Mechanistically, 

ARTD1 contains two DNA-binding zinc-finger motifs that bind to specific structures of 

damaged DNA: the first binds to DSBs, whereas the second has a high affinity for gapped 

DNA
96,97

. Binding to SSBs induces a conformational change in ARTD1, activating its 

catalytic activity
98

. Active ARTD1 subsequently auto-PARylates itself and this 

automodification mediates the interaction of ARTD1 with downstream SSBR proteins, 

such as XRCC1 and Polβ
66,67,69,99

. This PARylation leads also leads to the dissociation of 

ARTD1 from DNA SSBs
65

.  

Despite being transcribed at significantly lower levels than ARTD1, it is also thought that 

ARTD2 has a role in PARylation at SSBs. ARTD2 was identified as being responsible for 

PARylation detected at SSBs in the absence of ARTD1 in MEF
25

. Cells derived from 

ARTD2
-/-

 mice show increased sensitivity to genotoxic agents, including alkylating agents. 

Furthermore, ARTD1
-/-

/ARTD2
-/-

 mice are embryonic lethal, indicating an overlap of the 

functions of these enzymes
100

. However, depletion of ARTD2 did not significantly elevate 

the sensitivity of A549 cells to oxidative damage, even when co-depleted with ARTD1
95

. 

ARTD2 has been shown to bind to known SSBR factors, including XRCC1 and Polβ, and 

also to form heterodimers with ARTD1
54

. Additionally, ARTD2 displays similar 

autoPARylation activity to ARTD1, and is also activated by DNA breaks
101

. However, the 
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precise function of ARTD2 in SSBR remains unclear.  It has been shown that ARTD2 

displays different recruitment kinetics to SSBs compared to ARTD1. ARTD1 is enriched 

on chromatin immediately and transiently after DNA damage, whereas ARTD2 

recruitment occurs in a slower and more persistent manner. Furthermore, despite its 

binding to XRCC1, XRCC1 recruitment to SSBs is not impaired in the absence of 

ARTD2, in a clear functional difference to ARTD1
102

.  These data suggest that ARTD2 

may be required for a unique role in the latter stages of SSBR, but such a role has not yet 

been identified. 

1.4. ADP-ribosylation in DNA double-strand break repair 

1.4.1. Sources of DNA DSBs 

DNA DSBs are widely regarded as the most toxic form of DNA damage due to the loss of 

Watson-Crick base-pairing, and can arise from both exogenous and endogenous sources. 

The primary source of exogenous DSBs is cellular exposure to ionising radiation, 

alongside other genotoxic chemicals. Endogenous DSBs are generated from reactions with 

ROS generated by the cell, or from mechanical stress to the DNA. Additionally, one-sided 

DSBs arise when a replication fork encounters a SSB
103

. DNA DSBs are also induced in a 

tightly regulated manner in some cellular processes. Type II DNA topoisomerases act by 

cleaving both strands of a DNA duplex, thereby allowing another duplex to pass through. 

The action of these DNA topoisomerases is important for many biological functions, 

including mitosis and meiosis
104

.  V(D)J recombination, which occurs in the maturation of 

T and B cells of the immune system, also functions via the induction of DSBs
105

. 
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1.4.2. DSBR pathways 

Classically, there are two major pathways implicated in the repair of DSBs: non-

homologous end-joining (NHEJ) and homologous recombination (HR). A third DSBR 

pathway, alternative non-homologous end-joining (alt-NHEJ), was originally identified as 

a back-up pathway for NHEJ; however, its importance in DSBR is becoming progressively 

illuminated
106,107

. HR requires a homologous template for accurate DNA repair, whereas 

NHEJ simply involves ligation of the DSB ends in an error-prone manner. Alt-NHEJ 

utilises regions of local micro-homology to serve as a template, which can result in 

chromosomal translocations and other errors. NHEJ is also involved in mammalian V(D)J 

recombination; thereby individuals with NHEJ-protein mutations present with immune 

system disorders
108,109

. 

The regulation and choice of these DSBR pathways is of paramount importance to the cell, 

particularly in the case of programmed DSB induction, such as in V(D)J recombination 

and in meiosis (utilising NHEJ and HR, respectively)
110,111

. There is a strong cell-cycle 

dependence on the choice of repair pathway. Homologous recombination is active 

primarily in S and G2 phases, due to the presence of a sister chromatid to act as a template, 

whereas NHEJ functions primarily in G1
112

. NHEJ factors are present throughout the cell-

cycle; however, its action is suppressed in S and G2 phases as its error-prone nature is 

toxic to the cell
113

.  

1.4.3. Homologous recombination 

Homologous recombination provides the cell with a high fidelity procedure with which to 

repair DSBs in S and G2 cell-cycle phases, where it utilises the recently synthesised sister 

chromatid as a template to protect against information loss (Figure 1.2). The first step of 

HR involves a complex of three proteins: Mre11, Rad50 and Nbs1 (MRN complex), which  
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Figure 1.2 – The resolution of DNA DSBs by homologous recombination. The

mechanism of repair of DNA DSBs by homologous recombination (HR) yields multiple

end products. HR is active primarily in S- and G2-phases of the cell cycle, when a sister

chromatid is available as a template. A DNA DSB is suffered on one chromatid (red and

orange) and is detected (1). In the presence of a sister chromatid (green and blue), HR is

the predominant pathway, and so the DNA ends are resected 5’ to 3’ by the exonuclease

activity of EXO1, leaving a 3’ overhang (2). The ssDNA is coated with Rad51, and this

nucleoprotein filament performs strand invasion and homology searching of the sister

chromatid, resulting in D-loop formation (3). The HR pathway now diverges, proceeding

with either synthesis-directed strand annealing (SDSA), break-induced replication (BIR) or

double-strand break repair (DBR) to resolve the lesion. In SDSA (4a-5a-6a), DNA

synthesis from the sister chromatid is performed until just after the DSB, before the

template is switched back to undamaged DNA from the original chromatid. In BIR (4a-5b-

6b), the D-loop structure is formed into a replication fork, and DNA synthesis from the

sister chromatid proceeds until the end of the sister chromatid. This results in a loss of

heterozygosity between the sister chromatids. Both of these pathways result in repaired

DNA without crossover. In DBR (4c-5c-onwards), strand invasion is performed on both

sides of the DSB, resulting in double Holliday junction (dHJ) formation. Resolution of this

dHJ proceeds by resolvase-dependent cleavage, leading to crossover and non-crossover

products (7a and 7b), or by dissolution (6c-7c). Dotted lines indicate synthesised DNA,

coloured to match the homologous strand. Adapted from Li and Heyer (2008).
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is quickly recruited to DSBs
114

. Mre11 possesses endonuclease and exonuclease activity, 

but not 5’ to 3’ exonuclease activity at DSBs
115

. Rad50 is thought to interact directly with 

the DNA ends to stabilise the MRN complex at the lesion, whereas Nbs1 is responsible for 

nuclear localisation of the complex and interaction with the checkpoint kinase ATM
116–120

.  

Thereby, the MRN complex initially processes the DSB ends and activates ATM, resulting 

in phosphorylation of multiple protein targets involved in damage signalling and cell-cycle 

checkpoint activation
121

. DNA resection is promoted by the binding of CtIP to the MRN 

complex, which also promotes the HR pathway
122–124

. 

Homology searching, a core feature of HR, is performed by a single-stranded-DNA-

protein filament. Following initial processing by the MRN complex, single-stranded DNA 

(ssDNA) is generated by the 5’ to 3’ exonuclease activity of Exo1 and Dna2, to form a 3’ 

overhang
125–127

. The formation of unwanted secondary structure in the ssDNA is avoided 

by the binding of RPA, which is subsequently replaced by RAD51 in a process known as 

RAD51 loading
128–131

. RAD51 loading onto RPA-coated ssDNA is mediated by several 

proteins, including RAD52 and BRCA2
132–136

. Mutation of BRCA2 is linked to an 

increased risk of breast and ovarian cancers in humans
137

. The ssDNA-RAD51 

nucleoprotein filament performs homology searching and strand invasion of the sister 

chromatid, aided by RAD54, leading to the formation of a D-loop intermediate DNA 

structure and Holliday junction formation
138

. This marks the commencement of DNA 

synthesis from the 3’ end of the invading strand.    

From the D-loop intermediate, HR can proceed down multiple paths: synthesis-dependent 

strand annealing (SDSA), break-induced replication (BIR) and double-strand break repair 

(DBR). In both SDSA and BIR, DNA synthesis proceeds from one Holliday junction; 

however, the template for DNA synthesis differs. SDSA initially uses the sister chromatid 

until the region of the break is passed, before the template DNA strand is disengaged and 
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the original complementary strand is switched to for synthesis
139

. In BIR, the entire sister 

chromatid downstream of the break is used, leading to a loss of heterozygosity between the 

sister chromatids
140

. Both of these pathways result in products without crossover. The 

DBR pathway differs in that DNA synthesis proceeds from Holliday junctions on either 

side of the lesion. Resolution of these double Holliday junctions is achieved through three 

possible pathways, mediated by different resolvase proteins: dissolution (BLM-TopIIIα), 

symmetric resolution (GEN1) and asymmetric cleavage (MUS81-EME1)
141–143

.This 

processing leads to a multitude of crossover and non-crossover products. 

1.4.4. Non-homologous end-joining  

The NHEJ pathway repairs DNA DSBs by directly ligating the broken DNA ends, with 

limited end processing. The first step of the pathway is recognition of the DNA ends by the 

Ku70/Ku80 (Ku) heterodimer, which serves to both recruit downstream repair factors and 

also to protect the DNA ends from resection or degradation by nucleases
144

. The Ku 

heterodimer forms a toroidal ring structure around each DNA end, with one heterodimer 

either side of the break
145

. Ku binding to DNA leads to the recruitment of DNA-dependent 

protein kinase catalytic subunit (DNA-PKcs), which is catalytically active in its bound 

state
146–148

. Active DNA-PKcs auto-phosphorylates itself and phosphorylates other target 

proteins, such as histone H2AX at Serine-139, which is critical for repair complex 

formation
6,7,149

. Ku has also been shown to directly interact with aprataxin and PNPK-like 

factor (APLF) at DSBs
150,151

. APLF increases the stability of the repair complex at the 

DSB and accelerates the process of NHEJ
15

.  

The second step of NHEJ is end processing, in order to make the DNA ends compatible for 

ligation. This end processing inevitably leads to loss of genetic information at a DSB 

repaired by NHEJ due to the lack of a homologous DNA strand, and therefore contributes 
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to the error-prone nature of the pathway. Much of the machinery utilised for end 

processing is shared with that of SSBR, with the enzymes TDP1, APE1, PNKP and APTX 

performing the same functions
71–78

. In addition to its functionality as a scaffold protein, Ku 

has also been shown to have 5′-deoxyribose-5-phosphate (5′-dRP)/AP lyase activity, 

indicating that it may play a role in end processing
152

. Limited resection may be performed 

by nucleases such as exonuclease 1 (Exo1), Mre11, Artemis and Werner syndrome ATP-

dependent helicase (WRN), while DNA polymerases μ and λ (Polμ and Polλ) may perform 

gap-filling
153–158

.  

The final step of NHEJ is the ligation of the two DNA ends. This is performed by DNA 

Ligase 4 (Lig4), in complex with the structurally-related XRCC4 and XLF, which are 

thought to interact with and stabilise Lig4
159,160

. Similarly to XRCC1 in SSBR, XRCC4 

has no catalytic activity, but recruits end-processing factors APLF, PNKP and APTX, in 

addition to Lig4
161–164

. XLF also does not possess catalytic activity, but promotes the 

activity of Lig4 on non-cohesive ends, in addition to functioning in the re-adenylation of 

Lig4
165–167

. A paralog of XRCC4 and XLF (PAXX) has recently been discovered to 

function in NHEJ. PAXX has been shown to bind to Ku directly in vitro via its C-

terminus, and stabilises NHEJ proteins on damaged chromatin
168

.  

1.4.5. Alternative non-homologous end-joining (alt-NHEJ) 

Recently, the role of a third DSBR pathway, alternative non-homologous end-joining (alt-

NHEJ), has become more strongly understood. Alt-NHEJ is a back-up DNA repair 

pathway which primarily functions if either NHEJ or HR is absent, particularly in G2-

phase
169–171

. Repairing breaks more slowly than the classical NHEJ pathway described 

previously, alt-NHEJ directly ligates DNA ends in an error-prone manner, but does utilise 

some level of resection and local regions of homology (microhomologies), although this is 
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not required
172,173

. The use of microhomologies has led to the pathway being known as 

microhomology-mediated end-joining (MMEJ). There is a wide array of proteins 

implicated in alt-NHEJ, leading to the suggestion that multiple sub-pathways may be 

functioning within it. However, a clear mechanism for alt-NHEJ has not yet been 

proposed. In addition to its role in DSBR, recent data also suggests that the alt-NHEJ 

pathway also plays a major role in telomere maintenance
174,175

. DNA polymerase θ (Polθ) 

has been identified as the key DNA polymerase in alt-NHEJ. HR-deficient cells have been 

shown to be further sensitised to DSBs by Polθ knock-down, emphasising that alt-NHEJ 

also serves as a back-up pathway to HR
176–178

. Both Lig1 and Lig3 are thought to act in a 

redundant manner for the final ligation step of alt-NHEJ; however, recent data suggest that 

they may operate in different sub-pathways, with Lig3 mediating ligation with the use of 

microhomologies
179,180

. Furthermore,  Alt-NHEJ is additionally thought to be promoted by 

CtIP and BRCA1, and a role for the MRN complex has also been suggested, observations 

that complement the role of resection in the pathway
154,181,182

.  

1.4.6. The role of ARTs in DSBR 

ADP-ribosylation has been implicated in each of the three DSBR pathways introduced. It 

is known in mammalian cells that HR is activated at replication forks stalled by DNA 

lesions
183

. ARTD1 has been shown to bind to stalled replication fork structures in vitro, 

and is enriched on DNA following damage inflicted in S-phase in vivo
16

. Moreover, 

ARTD1
-/-

 and ARTi-treated MEFs display hypersensitivity to chemicals that induced 

replication stress
184

. Furthermore, depletion of ARTD1 in HeLa cells results in elevated 

sensitivity to IR in S-phase, indicating a role for this protein in human HR
94

. Depletion of 

ARTD1 leads to a cellular defect in replication fork restart after DNA damage in S-phase, 

and a defect in Mre11 recruitment and resection activity
185

. Furthermore, Rad51 foci 



 

20 

formation at stalled replication forks is greatly reduced in both ARTD1 and ARTD2 

knock-down cells, indicating abrogated HR levels. The current model for ARTD1 and 

ARTD2 in HR is that they are required to recruit Mre11 to stalled forks, thereby 

facilitating resection and ssDNA generation. This subsequently leads to Rad51 loading and 

HR, allowing replication fork restart
16

.  

A recent study has suggested a role for ARTD8, a MART, in the HR pathway in response 

to replication stress. ARTD8 knockdown HeLa cell lines display an increased sensitivity to 

DSBs, deoxyribonucleotide depletion and replicative DNA polymerase inhibition. 

Mechanistically, ARTD8 MARylates Rad51 in response to induction of DSBs, and lack of 

this MARylation leads to persistent Rad51 foci at these lesions that are thought to block 

efficient repair. ARTD8 is also found to associate with PCNA, a component protein of 

DNA replication forks
35

.   

In NHEJ, the recruitment of APLF to DSBs has been shown to be affected by ADP-

ribosylation activity of ARTD3. Despite the sequence of the catalytic domain of ARTD3 

suggesting that it may be a PARP, ARTD3 displays autoMARylation activity. This activity 

is stimulated by the presence of DNA DSBs, while knock-down of ARTD3 slows the 

kinetics of repair of DNA DSBs. The enrichment of APLF on damaged chromatin is 

dependent on the catalytic activity of ARTD3, and the data suggest that these proteins both 

function to accelerate DSB resolution by NHEJ. It is thought that a major chromatin target 

of ARTD3 ADP-ribosylation activity is histone H1. In vitro, histone H1.2 is found to be 

primarily MARylated, but also PARylated, by ARTD3. PARylated histone H1 is 

hypothesised to be responsible for APLF recruitment to DSBs
15

. Furthermore, ARTD3 has 

been shown to promote NHEJ through its interaction with the Ku-heterodimer. Depletion 

of ARTD3 reduces the binding of Ku80 at DNA DSBs, and leads to elevated levels of 

resection
186

. 
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In contrast, ARTD1 has been implicated in promoting DSBR by HR at the expense of 

NHEJ. ARTD1
-/-

 DT40 cells display reduced HR to repair DSBs, which restored by 

subsequent deletion of ku70, implying that a role of ARTD1 is to mediate NHEJ
187

. 

However, ARTD1 was implicated in a DSBR pathway utilising the XRCC1-Lig3 

heterodimer, which has since been identified as the alt-NHEJ pathway
188

. As previously 

introduced, the first zinc finger of ARTD1 (aa: 9-91) has been shown to bind to DSB 

ends
97

. It is currently thought that ARTD1 and Ku compete for DSB ends in vivo, and act 

to promote alt-NHEJ and NHEJ, respectively. Both proteins have been shown to bind to 

DSB ends in vitro, but Ku has a much higher binding affinity. In NHEJ-deficient cells, 

ARTD1 inhibition further reduces the ability of cells to repair IR-induced DSBs, However, 

ARTD1 inhibition in NHEJ-proficient cells has no effect on DSB repair kinetics, 

suggesting that ARTD1 promotes a back-up pathway
189

. Furthermore, the recruitment of 

Polθ to DSBs is reduced in U2OS cells treated with PARP inhibitors, or after deletion of 

ARTD1 by RNAi, providing additional evidence of the role of ARTD1 in alt-NHEJ
178

.  

1.5. ADP-ribosylation in translesion synthesis 

1.5.1. Translesion synthesis 

During DNA replication in S-phase, replication forks often encounter unresolved DNA 

breaks or other damages. These lesions block the progression of the replication fork, 

causing replication fork stalling. Bypass of these lesions is performed by switching from a 

replicative DNA polymerase to a translesion synthesis (TLS) DNA polymerase
190

. TLS 

polymerases are a family of DNA polymerases with five currently well-established 

members: Rev1, Polζ, Polκ, Polη, and Polι. These are specialised DNA polymerases that 

are able to synthesise DNA across lesions, albeit sacrificing their fidelity and proofreading 



 

22 

activity
191–201

. This action of the TLS polymerases is vital for the restart of stalled 

replication forks and the cellular tolerance of DNA damage. 

Polymerase switching from a replicative to a TLS polymerase is achieved through the 

sliding clamp PCNA. PCNA is associated with the progressing replication fork, and upon 

stalling, it is mono-ubiquitinated by Rad6 and Rad18
202,203

. This mono-ubiquitination is 

observed in response to numerous forms of induced DNA damage, including that which is 

specifically inflicted in S-phase. The TLS polymerases contain ubiquitin binding domains, 

and are therefore recruited to mono-ubiquitinated PCNA
204–208

. This direct interaction with 

the stalled replication fork, at the DNA lesion, leads to the TLS polymerase performing 

synthesis across the lesion
209

. Replicative DNA polymerases resume DNA synthesis 

following PCNA de-ubiquitination by USP1
210

. 

1.5.2. ARTD10 in translesion synthesis 

ARTD10 is a MART which was initially characterised as a protein involved in cell 

proliferation
29,40

. However, ARTD10 has recently been found to interact with mono-

ubiquitinated PNCA, through the combined action of its PCNA-binding PIP domain and 

ubiquitin-binding motif. ARTD10 knock-down cell lines are hypersensitive to DNA 

damaging agents that cause replication fork stalling, including those that act exclusively in 

S-phase, in addition to displaying markedly slower repair kinetics of this form of damage. 

Furthermore, ARTD10 knockdown is observed to reduce the recruitment of the TLS 

polymerase Rev1 to UV-induced DNA lesions. These data suggest a role for ARTD10 in 

promoting TLS. Moreover, complementation of ARTD10 knock-down cell lines with 

catalytically-dead ARTD10 does not alter the TLS phenotype, indicating that MARylation 

by ARTD10 is important for efficient TLS
37

. However, the protein targets of MARylation 

by ARTD10 remain undiscovered.  
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1.6. ADP-ribosylation in nucleotide excision repair (NER) 

1.6.1. Sources of complex base damage 

The cell employs a different pathway for repairing bases with bulky adducts, the removal 

of UV-induced damage such as 6-4 photoproducts (6-4 PPs), and DNA intra-strand cross-

links. These damages only affect one DNA strand; however, they are larger in nature than 

those repaired by BER, which is restricted to repairing small base modifications. The 

pathway utilised for repairing these lesions is nucleotide excision repair (NER). Unlike 

BER, where specific glycosylases excise bases with specific types of damage, the core 

NER machinery is capable of excising a wide range of complex and bulky damages
211

. 

1.6.2. NER Mechanism 

The NER pathway takes two forms: global-genome (GG-NER) and transcription-coupled 

(TC-NER)
212,213

. GG-NER is performed across the entire genome, whereas TC-NER is an 

accelerated process occurring at actively transcribed regions only. The two sub-pathways 

share a core reaction, but differ in key areas. For example, detection of lesions in GG-NER 

is performed by a complex of XPC-RAD23B, whereas TC-NER is activated by a stalled 

RNA polymerase (in addition to other TC-NER proteins). XPC is able to detect a broad 

range of bulky adducts by binding to two nucleotides on the undamaged strand of DNA, 

opposite the lesion. The damage to the other DNA strand causes thermodynamic 

destabilisation of the duplex, causing the nucleotides on the undamaged strand to display a 

more single-stranded nature, which is detected by XPC
214,215

. For certain types of UV 

damage, detection is performed by UV-DDB
216

. 

Following XPC binding, the protein complex TFIIH, which contains DNA helicases XPB 

and XPD, is recruited through direct interaction with the XPC-RAD23B complex
217–219

. 
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The XPB and XPD helicases unwind the DNA at the lesion, but have distinctive roles. It is 

thought that the ATPase activity of XPB, but not its helicase activity, is required for 

functional NER
220

. In this model, the ATPase activity leads to the binding of XPD, which 

unwinds the DNA. It has been shown that the action of XPD is blocked by sites of DNA 

damage, potentially providing an additional sensing mechanism
221,222

. Following helix 

unwinding, XPA, replication protein A (RPA) and XPG then bind at the lesion. XPA 

interacts with both TFIIH and RPA; however, the recruitment of XPA is independent of 

these interactions
223,224

. XPA is thought to bind to DNA on the 5’ side of the lesion, 

whereas RPA binds to the ssDNA opposite the lesion
225

. RPA coordinates the process of 

incision on either side of the lesion, firstly on the 5’ end by ERRC1-XPF, and then the 3’ 

end by XPG, excising a region of approximately 30 bp
226–229

. ERRC1-XPF is recruited by 

XPA, consistent with its positioning on the 5’ side of the lesion
225,230

.  

The gap is filled by either standard DNA replication polymerases Polδ and Polε, or by the 

translesion synthesis (TLS) polymerase Polκ
231–234

. This latter finding was an unexpected 

result due to the lower fidelity of TLS polymerases, and suggests multiple pathways may 

be involved in the late stages of NER. This is further implied by the requirement for 

different interacting factors with each of the DNA polymerases. Polδ acts with PCNA, 

whereas Polκ interacts with mono-ubiquitinated PCNA, as it does in TLS
231

. DNA ligation 

is performed by either Lig1 or a complex of XRCC1-Lig3, in a cell-cycle dependent 

manner: Lig1 is thought to be preferred in proliferating cells
235

. However, the redundant 

nature of these two ligases in NER is yet to be understood fully. 

1.6.3. ARTD1 in NER 

Recently, ARTD1 has been identified in a screen for novel GG-NER proteins. ARTD1 was 

shown to interact with DDB2, a subunit of UV-DDB, in a UV damage-dependent manner. 
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This interaction leads to DDB2-dependent PARylation at the pre-incision stage of NER, 

which is abrogated by chemical inhibition of ARTD1. Additionally, PARylation by 

ARTD1 at the post-incision stage is also detected, which is thought to be as a result of 

lesion excision leading to a SSB. DDB2, and its partner subunit DDB1, are both targets of 

PARylation by ARTD1, and this PARylation increases the stability of DDB2 at UV-

induced lesions by protecting it from ubiquitin-dependent degradation by the proteasome. 

To further implicate the role of ARTs in NER, normal human fibroblasts treated with 

PARP inhibitors display increased sensitivity to UV-induced DNA lesions
236

.  

1.7 PAR-binding domains 

PARylation is a protein post-translational modification that has been implicated in multiple 

cellular processes, including transcription, stress responses and DNA repair
13

. In DNA 

repair, PARylation is generally thought to have two roles: chromatin relaxation and protein 

recruitment
52,66,237

. This latter function, where chains of PAR act as a scaffold for protein 

binding, suggests the idea that the recruited proteins may have specific PAR-binding 

domains. Indeed, at the start of this study, four domains had been identified as non-

covalent PAR-binding modules: the PAR-binding motif (PBM), the macro domain, the 

zinc finger CCHH (zf-CCHH or PBZ) and the WWE domain
238–242

. Each of these 

domains, aside from the PBM, has an identified method of PAR interaction, utilising 

different features of PAR chains. A large number of human proteins have been identified 

that contain one or more of these domains. 

1.7.1. The PAR-binding motif (PBM) 

The first domain identified to be PAR-binding is a 20 amino acid motif known as the 

PAR-binding motif (PBM). The PBM is formed of two regions: a series of hydrophobic 
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and basic amino acids, and an adjacent cluster of basic amino acids. This motif was 

identified by sequence homology searches in several human proteins that are implicated in 

the DDR, including: Ku70 (aa: 243-264; Figure 1.3A), DNA-PKcs (aa: 2728-2752), XPA 

(aa: 215-237), Lig3 (aa: 12-34) and XRCC1 (aa: 379-400), in addition to a host of other 

proteins, including p53 (Figure 1.4). The relevant peptides from these proteins displayed in 

vitro PAR binding
238

. Both Ku70 and DNA-PKcs have well described roles in NHEJ. 

PARylation has been implicated in human NHEJ through the activity of APLF; however, 

direct association of Ku70 or DNA-PKcs with PAR chains in vivo has not yet been 

shown
15

. XPA, which functions in NER, has been shown to associate with ARTD1 in a 

PAR-dependent manner in vivo, in response to exposure to UV radiation
243

. However, the 

requirement of the PBM for this interaction has not been ascertained. XRCC1 and Lig3 

exist in a complex and function in concert in BER and NER. Lig3 has been shown to 

preferentially bind to PARylated ARTD1 in vitro; however, deletion of its PBM does not 

fully abrogate binding
244

. Additionally, XRCC1 has been shown to bind to ARTD1 in vitro 

and in vivo. Deletion of the central BRCT domain of XRCC1 (aa: 315-403), a known 

phosphopeptide recognition motif first identified in BRCA1, abolishes this 

interaction
34,67,245

. Interestingly, the PBM of XRCC1 is located within this central BRCT 

domain. Similarly, the PBM of Lig3 is located within a DNA-binding zinc finger motif. 

This zinc finger motif is homologous with the second zinc finger of ARTD1, where it is 

thought to act as a nick sensor to detect SSBs
68

. It is thought that the presence of the PBM 

may augment the functionality or regulation of these domains
238

.   

Further work on the PBM refined its consensus motif to [HKR]1-X2-X3-[AIQVY]4-[KR]5-

[KR]6-[AILV]7-[FILPV]8. A comprehensive in silico search identified this motif in 526 

human proteins, including many associated in DNA processing. Of these 526, which 

largely do not overlap with the original study, 25 were shown to bind PAR through  
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Figure 1.3 – Solved crystal structures of known PAR-binding domains. A: The

structure of the human Ku70/Ku80 heterodimer (blue/orange), clearly showing the loop

formed around the DNA duplex (PDB ID: 1JEQ). The identified PBM in Ku70 (aa: 243-

264) is highlighted in red. B: The structure of the second macro domain of human ARTD8

binding to adenosine-5-diphosphate, coloured by secondary structure (PDB ID: 4D86). C:

The structure of the C-terminus of human CHFR, with its PBZ domain indicated (red). The

functionally important residues that define the PBZ domain (CCHH) are shown in purple

(PDB ID: 2XP0). D: The structure of the WWE domain in human RNF146 binding to an

iso-ADP-ribose ligand (PDB ID: 3V3L). The amino acids conserved in domains of this

family (Trp-Trp-Glu) are located away from the binding pocket in this structure (purple).

A B

C D
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Figure 1.4 – Domain architecture of a selection of human DDR proteins with PBMs.

Domain structures of selected human DDR proteins with PBMs identified using

bioinformatics techniques: Lig3α (SSBR, NER, alt-NHEJ), XRCC1 (SSBR, NER), Ku70

(NHEJ) and XPA (NER). PBMs (black lines) found in these proteins fully or partially

(XPA) overlap with other known domains. Domain abbreviations: PARP-type zinc finger

(zf-P), BRCA1 C-terminus (BRCT), XRCC1-type zinc finger (zF-X).
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immunoprecipitation and mass spectrometry analysis
239

. However, despite the growing list 

of PAR-binding proteins containing a PBM, the mode of binding of this motif is yet to be 

established and structural comparison of the regions of proteins containing a PBM yields 

little similarity. However, the presence of this motif in DDR proteins associated with 

PARylation suggests that it may indeed have an important function in the cellular response 

to DNA damage. 

1.7.2. The macro domain superfamily 

The macro domain is an ancient, evolutionary conserved domain that is found in all forms 

of life, with characterised examples of macro domain-containing proteins found in 

eukaryotes, bacteria, archaea and viruses
240

. Typically, the domain is between 130 and 190 

amino acids in length, with no simple consensus sequence that has yet been identified. In 

fact, the family of macro domains is classed as a superfamily due to the diverse nature of 

the sequences of its members, and the diverse array functions to which they have been 

found to possess
246

. In addition to various forms of ADP-ribose that macro domains are 

found to bind: PAR, MAR and O-acetyl-ADP-ribose (OAADPR), macro domains have 

also been found to bind poly(A)
247

.  

Despite the lack of clear sequence homology across the macro domain superfamily, the 

tertiary structure of the domain is well conserved, including a binding pocket for ligand 

interactions. Macro domains are formed of a core of seven β-sheets, of mixed orientation, 

surrounded by four α-helices (Figure 1.3B). This is similar in construction to other 

nucleotide-binding proteins
248

. The binding pocket itself is hydrophobic cleft, and the 

interaction with ADP-ribose is formed by multiple hydrogen bonds with amide bonds in 

the protein backbone, in addition to amino acid side chains. The protein-ligand complex is 

stabilised by aromatic stacking of the adenine ring with an aromatic amino acid side chain. 
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As such, the binding pocket is highly specific for ADP-ribose.  In PAR-binding macro 

domains, the domain binds to the terminal ADP-ribose moiety, interacting with multiple 

chemical groups across the molecule, perhaps suggesting how the macro domain fold is 

capable of binding different forms of ADP-ribose
240

. 

1.7.2.1. Macro domains in human proteins 

There are currently 10 human proteins with identified macro domains (Figure 1.5). Of 

these proteins, the clearest example of a PAR-binding DNA repair protein is ALC1, which 

was first discovered as a protein displaying elevated levels of transcription in some liver 

cancers
249

. ALC1 was identified as a potential chromatin remodeller due to the presence of 

an N-terminal helicase domain, and it was postulated that this function may be dependent 

on its recruitment to chromatin though its macro domain. Investigating this function 

revealed that ALC1 is quickly recruited to laser-induced DNA damage, in a manner 

dependent on the PAR-binding nature of its macro domain. Deletion of the macro domain 

or the point mutation D723A, which was shown to abrogate PAR binding in vitro, severely 

diminishes this recruitment. The same study also demonstrated that the macro domain of 

ALC1 mediates interactions with the PAR chains of auto-PARylated ARTD1, which 

stabilises ALC1 at the nucleosome. In addition, ALC1-depleted U2OS cells show 

increased sensitivity to DSB-inducing agents and sources of replication stress
250

. More 

recently, ALC1 has been shown to be recruited to UV-induced DNA lesions, in a DDB2- 

and ARTD1-dependent manner. Additionally, ALC1-deficient normal human fibroblasts 

are sensitive to UV-induced damage
236

. 

Traditionally, macro domains were considered to be ligand binding modules. However, 

three macro domains have recently been characterised as catalytically active domains, 

functioning in the process of catabolism of ADP-ribose chains. PAR chains are known to  
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Figure 1.5 – Domain architecture of human proteins with annotated macro domains.

Domain structures of human proteins identified to contain members of the macro domain

superfamily. Proteins containing this domain include the chromatin remodeller ALC1, two

histone H2A variants (H2A1.1 and H2A1.2) and GDAP2. The macro domains of

MacroD1, MacroD2 and TARG have recently been shown to be catalytically active mono-

ADP-ribosylhydrolases. Also shown is the family of macroPARPs, which are ARTs

additionally containing macro domains. Domain abbreviations: PARP catalytic (PARP).
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be catabolised by either PARG or ARH-3; however, neither of these two enzymes is 

capable of removing the base ADP-ribose unit from the chain
45,46

. As a result, the PAR 

hydrolysis activities of PARG and ARH-3 leave proteins MARylated. ARH-1 is known to 

de-MARylate arginine residues in humans and other species; however, the reversibility of 

MARylation on other types of amino acids was not understood
251,252

. The macro domain-

containing proteins MacroD1, MacroD2 and TARG (C6orf130), which show high levels of 

structural conservation in their core domains, have recently been shown to be catalytically 

active in removing ADP-ribose from MARylated glutamic acid and aspartic acid residues 

in proteins
253

. These acidic amino acids have been shown to be the primary targets of 

ARTD1 auto-PARylation, perhaps linking these macro domain-containing proteins in PAR 

turnover in response to DNA damage
99

. However, the recent application of MacroD1 and 

MacroD2 as mono-ADP-ribosylhydrolases against a wide range of proteins in in vitro 

assays may imply that this is coincidental.  

In the family of identified human proteins with macro domains, the majority only contain a 

single macro domain. However, three proteins of this family contain multiple macro 

domains. Interestingly, these proteins also share one other domain, the PARP catalytic 

domain that identifies and gives primary function to the family of ADP-ribosyltransferases 

(Table 1.1). These proteins are known as the macroPARPs: ARTD9 (PARP9; BAL1), 

ARTD8 (PARP14; BAL2) and ARTD7 (PARP15; BAL3)
28,254

. ARTD9 has been 

implicated in the DDR, where it is recruited to DSBs in an ARTD1-dependent manner. 

Recruitment to sites of DNA damage has been shown to be dependent on the second macro 

domain of ARTD9 (aa: 296-528), through its binding of auto-PARylated ARTD1
36

.  

BBAP, a ubiquitin E3 ligase that is known to bind ARTD9, has been shown to ubiquitinate 

histone H4 (H4K91), the absence of which negatively affects the recruitment of 53BP1 at 

damage sites
255,256

. The function of the first macro domain (aa: 1-291), has not yet been 
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discovered. Intriguingly, the catalytic domain of ARTD9 lacks conservation of the 

histidine amino acid of the catalytically important H-Y-E triad, and consequently does not 

PARylate or MARylate itself in vitro.  In contrast to ARTD9, ARTD7 and ARTD8 both 

exhibit active PARP catalytic domains, and are observed to auto-MARylate themselves in 

vitro
28

. As described previously, ARTD8 has recently been implicated in the HR pathway 

in response to replication stress, and the macro domains of this protein have been shown to 

be important for this function. Following MARylation of Rad51 by ARTD8 in S-phase, 

ARTD8 then binds to MARylated Rad51 through its second macro domain (aa: 1003-

1190). The binding of the second macro domain of ARTD8 is thought to inhibit HR and 

replication fork restart in a dominant negative manner. This behaviour highlights the 

interesting domain structure of ARTD8, as it can bind to target proteins following catalytic 

action by itself or other MARTs
35

.  In addition its role in HR, ARTD8 has previously been 

identified as a transcriptional switch, repressing transcription under normal conditions, and 

promoting it when enzymatically activated through ADP-ribosylating itself and other 

proteins
38

. The function of the macro domains in this behaviour is still at a hypothetical 

stage. A precise role for ARTD7 has not yet been established; however, it is believed to 

function in regulating transcription
28

. 

Further to their roles in PAR catabolism and DNA repair, macro domains have also been 

found in proteins involved in other processes associated with ADP-ribosylation. Two 

histone variants containing macro domains have been identified: MacroH2A1 and 

MacroH2A2. MacroH2A1 is a macro domain-containing histone variant of H2A that is 

found primarily in heterochromatin, where it suppresses transcription by preventing 

remodelling by transcription factors and inhibiting histone acetylation
257,258

. The presence 

of the macro domain has been shown to be responsible for both of these functions
259

. 

Additionally, MacroH2A1 is also found to be enriched on silenced X chromosomes
260

. 
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MacroH2A1 undergoes alternative splicing to produce two isoforms, with only one 

product encoding an NAD metabolite-binding protein. MacroH2A1.1, though interactions 

with its macro domain, binds to ADP-ribose and OAADPR specifically, whereas no ADP-

ribose binding has been detected with MacroH2A1.2
261

. MacroH2A2 is a H2A histone 

variant with a 68% sequence identity with MacroH2A1.2. Similarly to MacroH2A1, 

MacroH2A2 is localised to the inactive X chromosome, although its expression pattern 

across multiple human cell types is markedly different
262

. 

GDAP2 (ganglioside-induced differentiation-associated protein 2) is a protein containing a 

single macro domain that displays no affinity for ADP-ribose polymers. Instead, this 

macro domain binds to poly(A), further highlighting the variation found within the macro 

domain superfamily
247

. GDAP2 additionally contains a lipid binding CRAL-TRIO 

domain
263

.  

1.7.3. The zinc-finger CCHH (zf-CCHH; PBZ) domain 

The PBZ domain is a zinc finger domain with a 24 amino acid consensus sequence of 

[K/R]X2CX[F/Y]GX2CXBBX4HX3[F/Y]XH, with B and X representing basic and 

unconstrained amino acids, respectively. It is present only in eukaryotic organisms, 

excluding yeast, which directly mirrors the presence of ARTs. This domain has recently 

been identified as a PAR binding module, and is characterised by four completely 

conserved residues: two cysteine and two histidine amino acids
241

. This configuration of 

amino acids gives the domain specificity towards PAR chains, where it interacts with the 

α(1-2) O-glycosidic bond between two ADP-ribose moieties
264,265

. The domain is also 

known as the zf-CCHH, in order to distinguish it from the classical zf-C2H2 zinc finger 

domain, with consensus sequence CX2-4CX12HX2-6H, most of which are found to bind 

nucleotides in DNA and RNA
266

. Three human proteins with PBZ domains have been 
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identified: APLF, with tandem PBZ domains, SNM1A (the analogue of yeast PSO2), and 

CHFR (Figure 1.6)
15

.  

1.7.3.1. Human proteins with PBZ domains 

APLF was first implicated in the DDR through its interaction with phosphorylated XRCC1 

and XRCC4 in yeast two-hybrid (Y2H) assays. In vivo, APLF interacts with CK2-

phosphorylated XRCC1 and XRCC4 through its N-terminal forkhead-associated (FHA) 

domain, a phosphopeptide recognition motif, and this interaction enriches APLF on 

damaged chromatin
162

. In the absence of XRCC1, APLF is recruited to damaged 

chromatin through its tandem PBZ domains, which bind to PAR
241,267

. The presence of 

tandem PBZ domains is unique in human proteins, and results in a marked increase in the 

affinity of APLF for PAR chains
268

. APLF co-localises with sites of PAR synthesis, 

particularly at sites of ARTD1 PARylation. In response to DSBs, APLF has been shown to 

directly bind to the NHEJ factor Ku80, via a novel motif, which stabilises APLF at the 

break site
150

. Additionally, APLF has been shown to act in the same pathway as ARTD3 in 

NHEJ, suggesting ARTD3 ADP-ribosylated proteins are targets of APLF
15

. At the DSB, 

APLF promotes the stability of XRCC4 and accelerates the action of Lig4 in ligating the 

DNA ends. Cells depleted of endogenous APLF display slower repair kinetics of SSBs and 

DSBs than wild-type cells, and hypersensitivity to ionising radiation (IR)
151

. PSO2 was 

first identified as a DNA repair protein in Saccharomyces cerevisiae. Cells lacking this 

protein were initially found to display sensitivity to photo-induced ICLs; however, Pso2
-
 

cells have since been shown to be sensitive to all forms of induced cross-links
269

. PSO2 

has 5’-exonuclease activity that is dependent on its beta-lactamase domain
270

. Epistatic 

analysis placed PSO2 in the RAD3-dependent pathway of yeast DNA repair, which is the 

NER pathway
271

. However, more recent studies focusing on the nuclease activity of yeast  
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Figure 1.6 – Domain architecture of human proteins with annotated PBZ domains.

Domain structures of the three human proteins with identified CCHH-type zinc finger

(PBZ) domains, all of which are involved in the cellular response to DNA damage. SNM1a

is a nuclease involved in ICL repair, whereas CHFR is a G2/M checkpoint protein whose

function is abrogated by deletion of its PBZ domain. APLF is implicated in the

stabilisation of NHEJ complexes at DSBs, utilising its tandem PBZ domains. Domain

abbreviations: forkhead associated (FHA), RING finger (RING), Ku80 interacting motif

(K).
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PSO2 have suggested that it may process ICL-induced DSBs, independent of NER
272

. In 

fact, yeast cells lacking PSO2 display normal incision activity at sites of DNA inter-strand 

cross-links, but fail to process and resolve the resulting DSB intermediates
272,273

. 

There are three mammalian homologs of PSO2: SNM1A, SNM1B and SNM1C/Artemis, 

all of which have been shown to display nuclease activity
274,275

. SNM1A has 5’-

exonuclease activity, and is considered to be the closest mammalian homolog to Pso2. 

Both mouse SNM1a
-/- 

embryonic stem cells and human SNM1A knock-down fibroblasts 

show similar sensitivity phenotypes in response to ICL-inducing agents as yeast PSO2
276

. 

Furthermore, survival of Fanconi Anaemia-deficient (FA-deficient) cells to ICLs is further 

reduced by SNM1a knock-down, whilst mono-ubiquitination of FANCD2 is unperturbed 

by the knock-down, providing evidence that SMN1a functions in an alternative ICL repair 

pathway to the FA pathway
277

. Human SNM1A possesses a single PBZ domain; however, 

the role of this domain in the function of the protein, in addition to its binding activity, has 

not yet been determined
241

. 

CHFR has been identified as a tumour suppressing protein through its action as a cell cycle 

regulator. CHFR prevents cells that have undergone mitotic stress from entering 

metaphase
278

. As such, it is found to be mutated in several human cancer cell lines, and 

chfr
-/- 

mice display increased levels of tumorigenesis
279

. In humans, it is known that CHFR 

acts as a ubiquitin E3 ligase through a central RING finger domain. In addition to 

ubiquitinating itself, CHFR ubiquitinates Polo-like kinase 1 (Plk1), a regulator of other 

cell-cycle proteins, resulting in its degradation. The degradation of Plk1 results in the 

arrest of the cell cycle at the G2/M checkpoint
280,281

. 

A C-terminus PBZ domain has been identified in CHFR, and this domain was shown to be 

PAR-binding in vitro and in vivo (Figure 1.3C). Furthermore, CHFR co-localises with 
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PAR foci in undamaged cells in a PBZ domain-dependent manner, analogous to the 

behaviour of APLF. Deletion of its PBZ domain renders CHFR unable to perform its 

function in the G2/M checkpoint; however, it does not affect its auto-ubiquitination 

activity
241

.  

1.7.4. The WWE domain 

A third domain identified with PAR-binding activity is the WWE domain, named for its 

three completely conserved and functionally important amino acids (Trp, Trp, Glu). 

Similarly to the PBZ domain, it is found only in eukaryotes
242

.  The solved structure of a 

WWE domain indicates that it consists of a half beta-barrel structure, made of six anti-

parallel β-sheets surrounding an α-helix (Figure 1.3D). The WWE domain has been shown 

to bind to the region of PAR chains containing the ribose-ribose glycosidic bond, termed 

iso-ADP-ribose (iso-ADPr). This mode of binding, which has been verified by a solved 

NMR structure (PDB ID: 4QPL), suggests specificity for PAR chains over MAR units
282

. 

Human proteins with annotated WWE domains fall into two functional classes: those 

involved in PARylation, and those involved in ubiquitination
242

.  The domain structures of 

these proteins are shown in Figure 1.7. 

1.7.4.1. WWE domains in human proteins 

The currently identified proteins involved in PARylation that contain WWE domains are 

all members of the ART family: ARTD8 (PARP14), ARTD11 (PARP11), ARTD12 

(PARP12), ARTD13 (PARP13; ZAP; ZC3HAV1), and ARTD14 (PARP7; tiPARP). The 

role of ARTD8 in transcription regulation and DNA repair has already been described, 

through its MAR-binding macro domain; however, the role of its WWE domain is yet to 

be established
35

. ARTD12, ARTD13 and ARTD14 can be classed as a subfamily of ARTs 

as they share one other domain: a CCCH-type zinc finger (zf-C3H1). This domain is 
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Figure 1.7 – Domain architecture of human proteins with annotated WWE domains.

Human proteins with identified WWE domains fall into two functional categories:

PARylation and ubiquitination. Five human ARTs (ARTD8, ARTD11, ARTD12, ARTD13

and ARTD14) contain WWE domains alongside their PARP catalytic domains. The Deltex

family of proteins (DTX1, DTX2 and DTX4) are ubiquitin E3 ligases which function in

the Notch signalling pathway. Additionally, a WWE domain is found in the ubiquitin E3

ligase RNF146, which is implicated in PARylation-dependent ubiquitination (PARdU).

Domain abbreviations: PARP catalytic (PARP), C3H1-type zinc finger (zF), RING finger

(RING).
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 thought to be RNA binding as it is identified in several RNA binding proteins, although 

its precise function is poorly understood
283

. Analysis of the catalytic domains of these 

ARTs leads to the prediction that they act as MARTs; however, there is no experimental 

evidence to support this prediction
11

. While there is currently no data available on the 

functions of ARTD12 and ARTD14, ARTD13 has been identified as an antiviral protein. 

ARTD13 targets viral mRNAs, including from retroviruses such as HIV-1, and recruits the 

cell’s RNA degradation machinery
42

.  ARTD13 exists as two isoforms, ARTD13-L (long) 

and ARTD13-S (short).  Both isoforms contain the WWE domain, but only the long 

isoform retains its PARP catalytic domain. It is found that ARTD13-L is a more potent 

antiviral protein than ARTD13-S, implicating ADP-ribosylation in this process
284

. A 

requirement for the WWE domain in the function of ARTD13 has not yet been established. 

ARTD11 contains a PARP catalytic domain, which is predicted to MARylate proteins, and 

a WWE domain only
11

. There is currently no indication as to the cellular role of this 

protein. 

WWE domains have also been identified in proteins implicated in ubiquitination pathways, 

and thereby serve as a link between ADP-ribosylation and ubiquitination. Furthermore, the 

presence of a WWE domain in ubiquitin E3 ligases suggest a mechanism for PARylation-

dependent ubiquitination (PARdU)
282,285

. RNF146 is a RING domain-containing ubiquitin 

E3 ligase that has been shown to ubiquitinate its targets in a PAR-dependent manner. The 

iso-ADPr-binding WWE domain of RNF146 binds to PARylated proteins, activating the 

E3 ligase activity of RNF146. RNF146 interacts with ARTD5 (Tankyrase 1) and ARTD6 

(Tankyrase 2), which are ARTs involved in the Wnt signalling pathway and telomere 

length maintenance. In this PARdU mechanism, a Tankyrase PARylates a protein, which 

then becomes a target for RNF146 ubiquitination. In the Wnt signalling pathway, PARdU 

of Axin by RNF146 results in its degradation, thereby promoting signalling
286,287

.  
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The Deltex family of proteins: DTX1, DTX2, DTX3 and DTX4, are a set of ubiquitin E3 

ligases thought to regulate the Notch signalling pathway. This function has been inferred 

from similarity to the Drosophila melanogaster protein Deltex, in addition to the 

identification of the individual protein targets of ubiquitination
288–290

. Deltex has tandem 

WWE domains, and has been shown to bind to the Ankyrin domain of the Notch receptor 

through interaction with these domains
291

. To date, PARylation has not been implicated in 

this process, despite a single WWE being an iso-ADPR-binding module. DTX1, DTX2 

and DTX4 all contain tandem WWE domains; however, the function of these domains in 

humans has not been confirmed. In keeping with a role in the Notch signalling pathway, 

the individual members of the Deltex family have been implicated in the ubiquitination 

and regulation of other Notch-associated proteins
292,293

. 

1.7.5. Recently discovered PAR binding domains 

Recently, two domains with previously well-established functions in other processes have 

been implicated as independently PAR-binding in the response to DNA damage. These are 

the previously introduced FHA and BRCT domains, which are classically thought of as 

phosphopeptide recognition motifs that mediate protein-protein interactions
245,294

. The 

FHA domain, a 65-100 amino acid motif, was first identified in a DNA repair protein in 

Saccharomyces cerevisiae, where the cell-cycle checkpoint protein Rad53 has two such 

domains. Rad53 was shown to interact with phosphorylated Rad9. Disruption or deletion 

of the FHA domain by mutation abrogates Rad53 phosphorylation and abolishes cell-cycle 

arrest at the G2/M checkpoint following DNA damage
295,296

. Since that discovery, FHA 

domains have been identified in many more DDR proteins in yeast and higher eukaryotes. 

For example, FHA domains mediate the phospho-specific protein-protein interactions 

between APLF and XRCC1 or XRCC4 in response to single- or double- strand breaks, 
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respectively
162

. Additionally an FHA domain is found in NBS1, a key component of the 

MRN complex, which facilitates phospho-specific binding with HR proteins CtIP and 

MDC1
297,298

.  

The BRCT domain was first identified in BRCA1, and more such domains were 

subsequently found in DNA repair and cell-cycle checkpoint proteins, such as XRCC1, 

NBS1, 53BP1, MDC1, Lig3 and Lig4
299

. BRCT domains are typically found as either 

single modules or in tandem. The BRCT domains of BRCA1 were identified as 

functionally important as it is found that clinically relevant mutations of the protein 

destabilise the structure of the tandem BRCT domains
300

. It was subsequently found that 

the BRCT domains bind to phosphorylated BACH1, a DEAH helicase family protein that 

is implicated in the DDR
301,302

. Functions for the BRCT domains in other DNA repair 

factors have since been discovered. As previously described, the BRCT domain of Lig3 

mediates its damage-induced interaction with XRCC1 in BER, whereas the BRCT 

domains of 53BP1 bind to p53, although in the latter case the deletion of its BRCT 

domains does not appear to affect its role in DNA repair
69,303–305

. Additionally, the BRCT 

domains of MDC1, a cell-cycle checkpoint protein, facilitate its binding to γH2AX in 

response to DSBs. This leads to the formation of DSBR complexes at the lesion, and is a 

critical step for the resolution of this form of DNA damage
306

. 

It has recently been shown that several proteins interact with PAR chains through either 

BRCT or FHA domains. It was found that the fast recruitment of BRCA1 to sites of laser 

microirradiation was dependent on the PAR-binding behaviour of the tandem BRCT 

domains of its partner, BARD1. BARD1 and BRCA1 interact through their RING 

domains. In addition to introducing domain-inactivating mutations, this fast recruitment 

was shown to be abrogated by the PARP inhibitor PJ34
307

. Furthermore, the early 

recruitment of APTX (FHA), PNKP (FHA), NBS1 (FHA and BRCT), Lig4 (BRCT) and 
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XRCC1 (BRCT) have also been shown to be dependent on the PAR-binding nature of the 

bracketed domains. In the case of NBS1, G2/M checkpoint activation is defective if the 

interaction between PAR and NBS1 is disrupted
308

. The lack of co-evolution of the both 

the FHA domain and BRCT domain with ARTs, as seen by the presence of FHA domains 

in yeast and BRCT domains in prokaryotes, suggests that the binding of ADP-ribose 

chains is not the primary function of these domains. However, mounting evidence 

indicates that there may indeed be a subset of these domains for which this function is both 

present and required for operational DNA repair pathways. 

Finally, the oligonucleotide/oligosaccharide-binding (OB) fold, which is classically seen as 

an RNA or ssDNA binding motif, has been shown to be PAR binding in vitro and in 

vivo
309,310

. The protein hSSB1 is a ssDNA binding protein thought to be one of the first 

proteins to bind at the sites of DNA DSBs. It interacts with the MRN complex directly, 

though NBS1, which recruits it to DSBs and promotes its endonuclease activity. Cells 

lacking hSSB1 are radiosensitive and display the hallmarks of genetic instability
311–313

. It 

has recently been shown that the early recruitment of hSSB1 to sites of DNA damage is 

dependent on the PAR-binding activity of its OB fold. The early recruitment of hSSB1 is 

abrogated by treatment of U2OS cells with the PARP inhibitor olaparib, in U2OS cells 

transfected with ARTD1 siRNA (but not ARTD2), and by introducing point mutations to 

the OB fold. To date, this is the only example of a PAR-binding OB fold. However, due to 

the presence of the fold in both prokaryotes and eukaryotes, it is clear that the OB fold has 

not co-evolved with ARTs and this function may be coincidental
310

.  

1.8. The use of model organisms for studying ADP-ribosylation 

As is true in many fields in the biological sciences, a substantial volume of information on 

DNA repair pathways has been gathered through the use of eukaryotic model organisms. 
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These organisms, such as S. cerevisiae (budding yeast), have been vital for identifying 

DNA repair pathways and proteins due to their genetic tractability and suitable of level 

conservation between themselves and higher eukaryotes, particularly in the case of 

proteins involved in recombination
314

. However, the study of ADP-ribosylation in S. 

cerevisiae is not possible as there is an absence of proteins containing PARP catalytic 

domains in the genome of this species, in stark contrast with the 17 human ARTs 

described previously
315

. This lack of ARTs leads to the conclusion that PARylation and 

MARylation, two post-translational modifications strongly implicated in the DDR, are 

absent in yeast, thereby making this model unsuitable for studying these processes. 

Therefore, the use of other model organisms was required for this purpose. 

The action of ARTD1 in DNA repair in chicken DT40 cells has been well studied
187,316

. 

However, despite containing orthologs of the majority of human ARTs, these cells do not 

have an ortholog of ARTD2
317

. This has advantages for studying the function of ARTD1, 

as redundancy with ARTD2 is not present; however, direct comparison with human cells 

cannot be made for this reason. Homologs of ARTD1 and ARTD2 have been identified in 

the nematode worm C. elegans, and these have been shown to be active in the response to 

DNA damage
318,319

. However, the genome of this organism lacks homologs of many ARTs 

found in humans. Similarly, the Drosophila melanogaster genome contains genes for only 

two ARTs
320

. Therefore, these organisms are not suitable models for ADP-ribosylation in 

human cells. In silico analysis of the genome of Dictyostelium discoideum, a simple 

eukaryotic slime mould, revealed 15 proteins with putative ART catalytic domains. 

Moreover, several of these proteins displayed strong homology with the DNA damage-

responsive PARPs
315,321

. Therefore, Dictyostelium discoideum became recognised as a 

model organism for studying ADP-ribosylation in DNA repair. 
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1.9. Dictyostelium as a model organism for studying the DDR 

1.9.1. The genetic model organism Dictyostelium discoideum 

Dictyostelium discoideum (hereafter referred to as Dictyostelium) is a simple eukaryotic, 

soil-dwelling social amoeba that has been modified so as to grow in laboratory conditions. 

These axenic strains, of which Ax2 and Ax4 are among the most common, grow in 

shaking suspension at 22°C with a doubling time of approximately eight hours
322–324

. The 

Dictyostelium nuclear genome is compact at 34 Mb in length, split over six chromosomes. 

The genome is very AT-rich, with a GC content of 22.4%, a striking difference to 

mammalian genomes. Similarly different is the structure of Dictyostelium genes, which 

have an average intron number of 1.85 per gene compared with 7.88 in humans
325–327

. 

Importantly, chromatin structure and the conservation of histone variants in Dictyostelium 

appears to be well conserved with vertebrate organisms
328

.  

Dictyostelium is a haploid organism; however, in an exponentially growing, vegetative cell 

population, 55-70% of the cells are in G2-phase of the cell-cycle and 5-10% of the cells 

are in S-phase.  In Dictyostelium, M-phase typically lasts for 10-20 minutes, and is 

immediately followed by S-phase. There is no identifiable G1-phase, and therefore the 

G1/S checkpoint is also thought to be absent
329,330

. This cell-cycle is in clear contrast with 

higher eukaryotic organisms. In practical terms, Dictyostelium cells can be synchronised in 

G2-phase by cold incubation, but obviously not in G1-phase
331,332

. Regardless of these 

differences, the genetic tractability of Dictyostelium: it being a haploid organism with a 

single copy of a large number of genes, makes it an attractive model to work with.  

Dictyostelium has long been studied as a model for development and chemotaxis. Under 

conditions of starvation, single-cellular Dictyostelium undergo a remarkable, cooperative, 
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developmental cycle
333

. The first stage of this cycle is aggregation into a multicellular 

body, which is mediated by waves of secreted cAMP. Individual cells secrete cAMP, and 

its detection by neighbouring cells stimulates them to secrete further cAMP, resulting in a 

spiral wave of cAMP secretion. Dictyostelium use chemotaxis to move to regions of higher 

cAMP concentrations, thereby aggregating in a mound. The end point of this development 

cycle is the dispersal of spores from the tip of a stalk, called a fruiting body. The cells of 

the mound are able to move to more favourable dispersal conditions as a slug, during 

which decisions are made as to which cells will become spores and which will be 

sacrificed in the stalk. Following slug taxis, the fruiting body is formed and the spores are 

released. It was originally unclear as to the cell-cycle phase of spores, primarily due to a 

lack of cell-cycle markers. It is currently thought that spores are in G2-phase, the same 

phase as the majority of vegetative, single-cellular Dictyostelium
334

. 

1.9.2. The DNA damage response in Dictyostelium 

The most attractive feature of using Dictyostelium as a model organism for studying the 

DNA damage response is the striking conservation of DNA repair pathways and proteins 

with humans. Despite Dictyostelium cells being highly resistant to many forms of DNA 

damage, perhaps due to being able to engage HR for high fidelity repair in most of the 

cells of a population, it appears that the processes it uses for DNA repair are highly similar 

to those found in mammalian cells
335,336

. Early work in this organism, prior to the 

sequencing of its genome, identified complementation groups of genes, mutations of which 

resulted in elevated sensitivity to specific DNA damaging agents
337–339

. Furthermore, 

individual DDR proteins, including ARTs, were purified and analysed biochemically, 

thereby constructing the knowledge of the DNA repair pathways of this organism
340,341

.  



 

47 

Homologs of many of the proteins involved in mammalian BER and NER have been found 

in Dictyostelium. Homologs of core BER proteins such as XRCC1, Polβ, Polδ, Lig1 and 

Lig3 have been identified in silico
321

. Additionally, an AP endonuclease was identified by 

homology and subsequent deletion of the gene encoding this protein resulted in sensitivity 

to DNA damage
342

. Furthermore, a uracil DNA-glycosylase has been purified and 

characterised in vitro
343

.  Both XRCC1 and Lig3 are absent in yeasts. NER is not as 

strongly conserved as BER; however, homologs of XPB, XPC, XPD, XPE and XPF have 

been found
344–347

. Additionally, XPB
-
 and XPF

-
 (unpublished data) cells are sensitive to 

UV exposure and the UV-mimetic drug 4-NQO, respectively
348

. The TLS polymerases 

Rev1 and Rev3 (a subunit of Pol ζ) have also been identified, along with a homolog of the 

nuclease Mus81. Therefore, Dictyostelium can be used as a good model of both of these 

DNA repair pathways. 

In addition to the conservation of many of the proteins involved in SSBR, Dictyostelium 

also has homologs of many factors involved in the resolution of DSBs. HR is strongly 

conserved across all forms of life, and Dictyostelium is no different in this regard
349

. 

Homologs of Rad51, Exo1, RPA, BRCA2, Mre11 and Rad50 have all been identified in 

silico; however, a homolog of the final component of the MRN complex, Nbs1, is yet to be 

found
350–353

. It has been difficult to assess the contribution of HR in Dictyostelium as HR 

knock-out mutations have mostly proved to be lethal. However, exo1
-
 cells are viable, 

despite a significant growth defect, and are sensitive to DSB-inducing agents
351

. The 

viability of these cells is thought to be possible due to redundancy of Exo1 with other 

exonucleases, potentially Dna2 or Mre11.  

In the case of NHEJ, the core components of the pathway are found in simple eukaryotes 

and in some prokaryotes, but notably not Escherichia coli (E. coli), which appears to rely 

completely on HR for DSBR
354

. In contrast to HR, there is not a complete conservation of 



 

48 

NHEJ repair proteins between simple eukaryotes and mammalian cells, and it is often 

found that alternative proteins are employed in the NHEJ pathway
355

. In S. cerevisiae, 

Artemis and DNA-PKcs are absent, and the Mre11/Rad50/Xrs2 (MRX) complex, the yeast 

equivalent of the MRN complex, is implicated in end-processing
356,357

. Additionally, Pol4 

(the yeast homolog of Polβ) is utilised, but no such role for mammalian Polβ has been 

found. Dictyostelium has homologs of Ku70, Ku80, Artemis, DNA-PKcs, XRCC4 and 

Lig4, making it an attractive model for mammalian NHEJ
353

. Vegetative Dictyostelium 

cells display active HR and NHEJ pathways; however, NHEJ-defective strains are not 

sensitive to DSB-inducing agents
358

. However, plentiful evidence suggests that NHEJ is 

functional in these cells. One method to assess NHEJ cells is to monitor the level of 

restriction-endonuclease mediated integration (REMI) of an antibiotic resistance cassette. 

In this assay, a linearised plasmid is transfected into Dictyostelium cells that bears a low 

level of DNA sequence homology to any region the Dictyostelium genome, alongside the 

restriction enzyme that is used to digest the plasmid. Due to the lack of a homologous 

DNA sequence, and the restriction enzyme generating compatible DNA ends in the 

genomic DNA, integration of this construct proceeds by NHEJ
359

. The construct encodes 

an antibiotic resistance cassette, which is used for selection. The assessment of REMI in  

NHEJ-defective Dictyostelium strains (ku70
-
, ku80

-
, dnapkcs

-
 and dclre1

-
) display reduced 

REMI efficiency, indicating that NHEJ is functioning in vegetative cells
351,358

. 

Furthermore, Ku70 and Ku80 are enriched on chromatin following the induction of DSBs, 

indicating an active NHEJ pathway
360

. One theory to explain the lack of sensitivity of 

NHEJ-deficient Dictyostelium strains to DSBs is the cell-cycle distribution of vegetative 

cells described earlier: the majority of cells are in G2 and so will favour DSBR by HR
330

. 

Interestingly, NHEJ-defective germinating spores are sensitive to DSB-inducing agents, 

suggesting a higher reliance on NHEJ in this developmental stage
358,360

. It was thought at 
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one stage that this indicated that spores were in G1-phase, but recent experimental 

evidence has pointed to spores being in G2-phase, and it is unclear why cells at this 

developmental stage show stronger reliance on NHEJ
334

. Despite the clear difference in the 

reliance of Dictyostelium and mammalian cells on HR and NHEJ, it is clear from its levels 

of HR and NHEJ protein conservation that Dictyostelium is a highly suitable model for 

studying both pathways in a simple eukaryotic organism. 

1.9.3. ADP-ribosylation in Dictyostelium DNA repair 

As previously discussed, the existence of proteins involved in ADP-ribosylation in 

Dictyostelium was known long before the sequencing of its genome, due to the purification 

of ARTs
340,341

. Analysis of the Dictyostelium genome reveals 15 putative ARTs, identified 

by conservation of the PARP catalytic domain
315,321

. Importantly, nuclear PARylation is 

observed following treatment of Dictyostelium cells with DNA damaging agents, and 

PARylated proteins can be found to be enriched on damaged chromatin, indicating that 

PARylation is a functional component of the DNA damage response
360,361

. In addition, 

commercially available PARP inhibitors, such as NU1025 and benzamide, abrogate this 

response
360

. Utilising a combined approach of bioinformatics and genetic manipulations, 

putative homologs of human ARTD1, ARTD2 and ARTD3 were identified (Adprt2, 

Adprt1b and Adprt1a, respectively). Experimental analysis showed that adprt2
-
 and 

adprt1b
-
 cells are sensitive to SSB-inducing agents, whereas adprt1a

-
 cells have an NHEJ 

defect
360

. Interestingly, deletion of both adprt1a and adprt2 further increases cellular 

sensitivity to SSBs, implying that these lesions are channelled into NHEJ in the absence of 

SSBR
361

.  

Study of the NHEJ proteins in Dictyostelium revealed that its homolog of Ku70 contains a 

C-terminal PBZ domain, which is absent in human Ku70. Endogenous Dictyostelium 
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Ku70 binds to PAR polymers in vitro, and deletion of its PBZ domain abolishes this PAR-

binding activity. Furthermore, this deletion of the PBZ domain reduces the stability of 

Ku70 at DSBs. This has profound consequences for the NHEJ, as cells expressing only the 

PBZ-deletion mutant of Ku70 display highly reduced levels of NHEJ, measured by REMI 

efficiency
360

.  

1.10 Aims 

Interestingly, the PBZ domain located at the C-terminus of Dictyostelium Ku70, which is 

required for the stability of NHEJ factors to DNA DSBs, is absent in the human ortholog 

of Ku70
360

. In human NHEJ, the stability of NHEJ proteins at DNA lesions has been 

shown to be mediated by the tandem PBZ domains of APLF, as previously described
15

. A 

homolog of APLF has not been identified in Dictyostelium. These data suggest that while 

dependence of the functioning NHEJ pathway on PARylation is conserved between the 

humans and Dictyostelium, the individual proteins and domains required for this may not 

be conserved (Figure 1.8). It appears that, over the course of evolution, the PBZ domains 

responsible for stabilisation of NHEJ factors at DSBs have become localised on different 

core NHEJ proteins in humans and Dictyostelium. We hypothesise that this event may not 

be a unique occurrence, and that other PAR-binding domains may have evolved so as to be 

found on different proteins in these two organisms. Therefore, we will use known PAR-

binding domains as surrogate markers for novel DNA repair proteins in Dictyostelium, the 

identification of which could lead to further understanding or discovery of novel human 

DNA repair proteins. For example, the discovery of a PAR-binding domain on a 

Dictyostelium protein with a human homolog that is involved in DNA repair may elucidate 

an additional role for ADP-ribosylation in the DNA repair pathway in which the human 

protein operates. Moreover, if a novel Dictyostelium PAR-binding protein is found and 
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Figure 1.8 – Stability of human and Dictyostelium NHEJ complexes is achieved

through PBZ domains in different proteins. In humans, following the binding of the

Ku70/Ku80 heterodimer to DSB ends, APLF is recruited to the lesion (interacting with

Ku80 via its specific binding motif). Though its PBZ domains, APLF increases the

stability of the complex of NHEJ proteins at the lesion, thereby facilitating efficient repair.

In Dictyostelium, deletion of the PBZ domain from Ku70 decreases the stability of NHEJ

proteins at DSBs, and vastly reduces the ability of cells to perform NHEJ. There is no

Dictyostelium APLF. Domain abbreviations: forkhead associated (FHA), C2H2-type zinc

finger (PBZ), Ku80 interacting motif (K).
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implicated in the response to DNA damage, this might indicate the presence of further 

human proteins with PAR binding domains, or additional functionality to those that have 

already been characterised.   

The overall aim of this thesis was to identify Dictyostelium proteins with previously 

unannotated PAR-binding domains, and then investigate the function of these proteins in 

the DDR in this organism. We employed advanced bioinformatics techniques to perform 

an in silico, genome-wide search for novel proteins with domains that may bind to ADP-

ribose chains, and we identified three Dictyostelium and one human protein with 

unannotated macro domains. We then performed experimental analysis of two of these 

putative Dictyostelium DDR proteins: DNA Ligase III (Lig3) and an aprataxin-like protein 

(APL), to assess if these proteins have a role in DNA repair, and the function of their 

putative PAR-binding domains in this. Our results show that the macro domains of both 

proteins bind to PAR in vitro. Furthermore, the results presented in this thesis implicate 

Dictyostelium Lig3 and APL in the response to MMS-induced DNA damage and DNA 

inter-strand cross-links, respectively. 
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2. Materials and Methods  

 

2.1. Materials 

Church Buffer 

0.5 M NaHPO4 (pH 7.2) 

1% (w/v) bovine serum albumin fraction V 

1 mM EDTA (pH 8) 

7% (w/v) SDS 

[Filter sterilised] 

 

DNA loading dye 

0.25% bromophenol blue 

40% sucrose 

 

H50 Buffer 

50 mM KCl 

20 mM HEPES 

10 mM NaCl 

5 mM NaHCO3 

1 mM NaH2PO4.H2O 

1 mM MgSO4.7H2O 

[pH 7.0; filter sterilised] 
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HL5 

53 mM maltose 

1.4% bacteriological peptone 

0.7% yeast extract 

4 mM Na2HPO4 

3.5 mM KH2PO4 

340 μM dihydrostreptomycin sulphate 

74 μM vitamin B12 (cyanocobalamin) 

82 μM biotin 

532 μM riboflavin 

[pH 6.5; autoclaved; 25 ml 20% glucose added to 475 ml HL5 immediately before use] 

 

 

IP Beads Buffer 

50 mM Tris (pH 8.0) 

150 mM NaCl  

1% Triton X-100 

 

 

IP DUB Buffer 

50 mM Tris (pH 8.0) 

150 mM NaCl  

5 mM DTT  

Protease inhibitor cocktail (Roche) 
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IP Lysis Buffer 

50 mM Tris (pH 8.0) 

150 mM NaCl  

1% Triton X-100 

1 mM DTT 

2 mM MgCl2 

100 units/ml Benzonase (Sigma) 

Phosphatase inhibitor cocktail 2 & 3 (Sigma) 

Protease inhibitor cocktail (Roche) 

[Supplemented with 10 mM benzamide (Sigma) and 200 μM DEA (Trevigen) for 

PARPi/PARGi] 

 

IP Wash Buffer 

50 mM Tris (pH 8.0) 

150 mM NaCl  

1% Triton X-100 

1 mM DTT 

2 mM MgCl2 

Phosphatase inhibitor cocktail 2 & 3 (Sigma) 

Protease inhibitor cocktail (Roche) 

[Supplemented with 10 mM benzamide (Sigma) and 200 μM DEA (Trevigen) for 

PARPi/PARGi] 
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KK2 

19 mM KH2PO4 

3.6 mM K2HPO4 

[Autoclaved; supplemented with 10 mM benzamide (Sigma) and 200 μM DEA (Trevigen) 

for PARPi/PARGi] 

 

 

LB Agar 

1% bactotryptone 

0.5% yeast extract 

85 mM NaCl 

1.5% agar 

[Autoclaved] 

 

 

LB Broth 

1% bactotryptone 

0.5% yeast extract 

85 mM NaCl 

[Autoclaved] 
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Nuclear Extraction Buffer 

50 mM HEPES (pH 7.5) 

150 mM NaCl 

1 mM EDTA 

Phosphatase inhibitor cocktail 2 & 3 (Sigma) 

Protease inhibitor cocktail (Roche) 

10 mM Benzamide (Sigma) 

200 μM DEA (Trevigen) 

 

Phosphate buffered saline (PBS) 

One PBS tablet dissolved in 200 ml ddH2O yields: 

10 mM phosphate buffer 

2.7 mM KCl 

137 mM NaCl 

[pH 7.4; autoclaved] 

 

Pt Buffer 

3 mM NaCl 

1 mM NaPO4 

[pH 6.5; filter sterilised] 

 

SDS-PAGE Running Buffer 

25 mM Tris 

192 mM glycine 

0.1% SDS 
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SDS-PAGE Transfer Buffer 

25 mM Tris 

192 mM glycine 

20% methanol 

 

SDS Loading Buffer (2×) 

50 mM Tris (pH 6.8) 

20% glycerol 

4% SDS 

0.2% bromophenol blue 

100 mM DTT 

 

SM Agar 

1% peptone 

56 mM glucose 

0.1% yeast extract 

16 mM KH2PO4 

5.5 mM K2HPO4.3H2O 

4 mM MgSO4 

1.7% agar 

[Autoclaved] 
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SSC (20×) 

3 M NaCl 

300 mM sodium citrate tribasic (C6H5Na3O7.2H2O) 

[Autoclaved] 

 

TAE (50×) 

2 M Tris Base 

50 mM EDTA 

5.71% glacial acetic acid 

[pH 8.2] 

 

Tris-buffered saline supplemented with Tween-20 (TBS-T) 

2.48 mM Tris 

137 mM NaCl 

[pH 7.4; autoclaved] 
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2.2. Methods 

2.2.1. Bioinformatics 

2.2.1.1. Multiple sequence alignments 

Protein amino acid sequences were obtained from UniProt or dictyBase
362,363

. Alignments 

of multiple protein sequences were performed using MUSCLE or T-Coffee, and visualised 

in Belvu
364–366

. DNA sequences were aligned using the MultAlin interface
367

.  

2.2.1.2. Homology searching 

In silico searches for PAR-binding domains were performed within the non-redundant 

UniRef50 database
362

. Proteins containing known PAR-binding domains were identified in 

the Pfam and SUPERFAMILY protein databases, in addition to dictyBase
363,368,369

. Initial 

local homology searches were formed using BLAST
370

. Profile hidden Markov models 

(profile-HMMs) were generated using HMMer2 and HMMer3, which were also used for 

profile-sequence homology searches
371

. Searches with HMMer 2 and 3 were iterated up to 

40 times. HHPred was employed for profile-profile homology searches, including 

secondary structure prediction
372

. 

2.2.1.3. Protein structure prediction by homology modelling 

Homology modelling was performed using the Chimera interface to MODELLER
373,374

. 

Protein structures were presented and manipulated using PyMOL
375

. The template 

structure of MACROD1 was obtained from the PDB (PDB ID: 2X47), and the multiple 

sequence alignment was produced with T-Coffee
365,376,377

. 
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2.2.2. Dictyostelium cell culture and genetic manipulation 

2.2.2.1. Cell culture 

Dictyostelium cells were grown axenically in HL5 medium, at 22 °C in the dark. 6-, 12-, 

24-, and 96-well plates were used where appropriate, or 90 mm dishes. For growth in 

shaking suspension, cells were placed in flasks in HL5 medium and rotated at 220 rpm, at 

22 °C. Cells were maintained between 5×10
5
 and 6×10

6
 cells/ml, and used for all 

experiments in the exponential growth range (2-6×10
6
 cells/ml). Cell density was 

measured using a haemocytometer and counting cells under a Motic AE21 trinocular 

microscope. Antibiotic selection was maintained by adding the appropriate antibiotic: 

blasticidin (Enzo) or G418 (Sigma) at 10μg/ml. Dictyostelium cells were also grown on 

SM agar plates, in association with Klebsiella aerogenes. 

2.2.2.2. Transformation 

Dictyostelium cells were counted and 5×10
7
 cells were collected by centrifugation (3000 

rpm for 3 minutes). The cell pellet was washed twice in ice cold H50 buffer, before 

resuspension to a density of 5×10
7
 cells/ml in H50 buffer. 5x10

6
 cells were then mixed 

with 3-8 μg of plasmid DNA, and left on ice for 5 minutes. For transfections with PDXA-

3C vectors, and an equal amount of the pREP plasmid simultaneously added. The cells and 

plasmid mix was then transferred to a 1 mm gap electroporation cuvette (Bio-Rad) and 

subjected to two pulses (0.65 kV and 25 μF, separated by 5 seconds) from the Gene Pulser 

Xcell (Bio-Rad). The cells were left to recover on ice for 5 minutes, before transfer to 

HL5. For transfections with disruption or knock-out constructs, cells were diluted into 50 

ml HL5, and subsequent 1:10 and 1:100 dilutions were performed. Cells were then 

transferred to 96-well plates, and 10 μg/ml blasticidin (Enzo) was added 24 hours later. 
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For transfection of extrachromosomal vectors (PDXA-3C), cells were transferred to a 90 

mm dish in 10 ml HL5, and 10 μg/ml G418 (Sigma) was added 24 hours later. The plates 

were incubated in the dark at 22 °C.  

2.2.2.3. Generating disruption strains 

Identified homologous arms for each disruption were ligated into the pLPBLP vector, 

flanking a blasticidin-resistance cassette (bsr cassette), by standard techniques. A suitable 

concentration of the pLPBLP disruption vector was then obtained by Maxi-preparation 

(Macherey-Nagel), following transformation of the vector into XL1-Blue E. coli cells. The 

disruption construct was excised by restriction digestion, and purified using phenol-

chloroform extraction (see Section 2.2.3.1). The disruption construct was then transformed 

into Dictyostelium cells as described in Section 2.2.2.2. Growth after 14 days in individual 

wells of the 96-well plates indicated potential disruptions, which were screened by PCR 

(Section 2.2.2.4). Those cells which were positive in the screen were spread on SM agar, 

in association with K. aerogenes, for clonal selection. Clones were subsequently screened 

by PCR, as before. 

2.2.2.4. PCR screening of disruption strains 

Genomic DNA was extracted from potential disruption strains by the Wizard® genomic 

DNA purification kit (Promega), by the provided protocol. Amplification of selected DNA 

fragments was guided by synthesised primers (Sigma), the sequences of which are given in 

Appendix A. PCR was formed using 100 μg DNA and PCRBIO HiFi Polymerase (PCR 

Biosystems), using the manufacturer’s protocol. 
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2.2.2.5. Cre-loxing 

Transformation of Dictyostelium cells was performed as described in Section 2.2.2.2, with 

the PDXA-NLS-Cre plasmid encoding Cre recombinase, with the exception that pREP 

was not added in this case, to ensure transient expression of Cre recombinase. After 

transformation, the cells were diluted in 50 ml HL5 medium, and further diluted 1:10, 

1:100 and 1:1000, in HL5, prior to transfer to 96-well plates. 20 μg/ml G418 (Sigma) was 

added after 24 hours, and the cells were incubated at 22 °C, in the dark, for 5-7 days. The 

medium was then removed and replaced with HL5 containing no selection. Cells that are 

observed to be growing were replica-plated into HL5 containing 20 μg/ml G418 or 10 

μg/ml blasticidin, and those identified to be killed by both antibiotics were identified as 

successful strains. These were spread on SM agar plates in association with K. aerogenes 

to select clones, which were subsequently verified by PCR.  

2.2.2.6. Development and spore germination 

Exponentially growing Dictyostelium cells were washed three times in KK2, prior to 

resuspension to 1×10
8
 cells/ml in KK2. The cells were then spread onto filter paper to a 

density of 3.5×10
6
 cells/cm

2
, and incubated in the dark at 22 °C. After 24 hours, 

development of fruiting bodies was observed; however, a further 48 hours of development 

was required before spore harvesting. For spore harvesting, fruiting bodies were 

transferred to KK2 containing 0.1% NP-40 alternative (Calbiochem), and disrupted by 

passing through a 19.5 gauge needle. Spores were then enriched by centrifuging at 1500 

×g for 3 minutes, before washing twice in KK2 with 0.1% NP-40 and once with KK2. 

Spores were then resuspended at 2×10
7
 cells/ml in KK2. Spore germination was induced 

by heating to 45 °C for 30 minutes, with shaking. Following heating, cells were diluted to 

1×10
6
 cells/ml in room temperature HL5 medium. 
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2.2.2.7. Storage of strains  

Permanent stocks of strains were generated by removing exponential Dictyostelium cells 

from HL5 and resuspending them to 5×10
7
 cells/ml in Freezing Media. Cells were then 

immediately transferred to cryotubes (Thermo Fisher Scientific) or as 100 μl aliquots in 

0.5 ml tubes, placed on ice for 5 minutes, then at -20 °C for 1-2 hours, and finally at -80 °C 

for long-term storage. Cells were recovered from long-term storage by thawing aliquots 

and transferring to HL5 medium in a 90 mm dish. After 30 minutes, to allow 

Dictyostelium to adhere to the base of the dish, the HL5 was replaced with fresh HL5, with 

appropriate antibiotic selection (described in Section 2.2.2.1). 

2.2.3. Molecular biology 

2.2.3.1. Phenol-chloroform DNA extraction 

Between 2-4×10
8
 exponentially growing Dictyostelium cells were removed from HL5 by 

centrifugation (3000 rpm for 3 minutes) and washed twice with KK2. The cell pellets were 

resuspended to a density of 1×10
8
 cells/ml in nuclear lysis buffer (10 mM MgOAc, 10 mM 

NaCl, 30 mM HEPES pH 7.5, 10% sucrose, 2% NP-40 alternative), and incubated on ice 

for 10 minutes. Nuclei were then collected by centrifugation at 9000 ×g for 10 minutes at 4 

°C. The pellet was then resuspended in MHK buffer (40 mM MgOAc, 20 mM KCl, 50 

mM HEPES pH 7.5), in twice the volume of NLB used, before addition of NaCl to 200 

mM and SDS to 1% final concentrations. After gentle inversion, phenol-chloroform-

isoamyl alcohol (Sigma) was added in a 1:1 ratio, prior to centrifugation at 20,000 ×g for 5 

minutes. The upper aqueous layer was then transferred to a fresh tube. If this layer was 

clear, chloroform was added in a 1:1 ratio, before centrifugation at 20,000 ×g for 5 

minutes. If the aqueous layer was not clear, the phenol-chloroform step was repeated. The 
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upper aqueous layer obtained after addition of chloroform was transferred to a fresh tube 

containing two volumes of 100% ethanol and 100 mM sodium acetate. DNA was 

precipitated either at -20 °C overnight, or at -80 °C for 30 minutes. Following 

precipitation, the DNA was pelleted by centrifugation at 20,000 ×g for 5 minutes. The 

pellet was then washed with 70% ethanol, before the centrifugation step was repeated. The 

70% ethanol was then aspirated and the pellet was air-dried, prior to resuspension of the 

DNA in a minimal volume ddH2O. The DNA concentration was quantified using the 

NanoDrop ND-1000 spectrophotometer.  

2.2.3.2. Southern blotting 

Genomic DNA was purified and quantified as described in Section 2.2.3.1 and 50 μg was 

digested overnight with 500 units of the desired restriction enzyme. Following digestion, 

the DNA-enzyme mix was purified using the phenol-chloroform method (Section 2.2.3.1), 

and finally resuspended in a volume of ddH2O suitable for gel electrophoresis. The DNA 

was then loaded into a 0.7% TAE-agarose/ethidium bromide gel and separated by 

electrophoresis. The gel was then washed in 0.2 N HCl for 10 minutes, rinsed in dH2O, 

then washed in 1.5 M NaCl and 0.5 M NaOH for 45 minutes, before rinsing in dH2O 

again. The gel is then further washed twice in 1 M Tris (pH 7.4) for 30 and then 15 

minutes, and rinsed in dH2O in between. The DNA was then transferred overnight by 

capillary action onto a nylon Hybond-N
+
 membrane (Amersham), using 10× SSC, and 

subsequently washed with 2× SSC and air-dried. The DNA then covalently cross-linked to 

the membrane by UV irradiation using a UV Stratalinker (Stratagene).  

The probe for Southern blot was amplified from genomic Ax2 DNA by PCR, and 

radioactively-labelled with [α
32

P]-dATP (Hartmann Analytic), using the Decaprime
TM

 II 

DNA Labelling Kit (Thermo Fisher Scientific), according to the provided protocol. 
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Unincorporated [α
32

P]-dATP was removed using SigmaSpin Post-reaction Clean-up 

columns (Sigma), according to the provided instructions. 

Prior to hybridisation, the membrane was incubated in Church buffer for 1 hour with 

rotation, at 65 °C. The probe was denatured by boiling at 100 °C for 5 minutes, before 

addition to the Church buffer. Hybridisation proceeded overnight at 65 °C, with rotation. 

The membrane was then washed twice with 2× SSC with 0.1% SDS, and then twice with 

0.2× SSC with 0.1% SDS at 65 °C, with rotation (both wash solutions were pre-heated to 

65 °C). Detection of radioactively-labelled bands was performed using autoradiographic 

film (Hyperfilm, GE Healthcare). Blots were stripped by incubation with boiling 0.1% 

SDS, which was repeated twice, before re-probing using the same protocol as above. 

2.2.3.3. RNA Extraction and cDNA synthesis 

RNA was extracted from 1×10
7
 Dictyostelium cells by resuspension in 1 ml TRI reagent 

(Sigma), where the solution was repeatedly mixed by pipetting. After incubation at room 

temperature for 5 minutes, 0.2 ml chloroform was added and the mixture was vigorously 

shaken, before a further 2-15 minute incubation at room temperature. The mixture was 

then centrifuged at 12,000 ×g for 15 minutes at 4 °C, and the colourless upper phase 

containing the RNA was removed to a fresh tube containing 0.5 ml isopropanol. This was 

incubated at 4 °C for 5-10 minutes before centrifugation at 12,000 ×g for 20 minutes, and 

the resulting pellet was washed with 70% ethanol, before further centrifugation at 7,500 ×g 

for 5 minutes at 4 °C. The RNA pellet was briefly air-dried (5-10 minutes) before 

resuspension in ddH2O, which was facilitated by repeated pipetting at 55-60 °C for 10-15 

minutes. The concentration of RNA was quantified using the NanoDrop ND-1000 

spectrophotometer. RNA stocks were stored at -80 °C or used immediately for cDNA 

synthesis. 
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The synthesis of cDNA from 5 μg RNA was performed using the SUPERSCRIPT II 

Reverse Transcriptase (Invitrogen), Oligo(dT) and random hexamers, following the 

provided protocol. The final product was used in PCR reactions, as described in Section 

2.2.2.4. 

2.2.3.4. Preparation of nuclear extracts 

Exponentially growing Dictyostelium cells (5×10
8
) were harvested by centrifugation (3000 

rpm for 3 minutes) and washed with 10 ml KK2. The cells were lysed in 2 ml NIB1 buffer 

(50 mM Tris (pH 7.8), 5 mM MgOAc, 10% sucrose, 2% NP-40 alternative (Calbiochem), 

protease inhibitor cocktail (Roche)) for 1 minute, on ice. Nuclei were then collected by 

centrifugation (2300 ×g for 5 minutes at 4 °C), before resuspension in 400 μl HS buffer 

(20 mM HEPES (pH 7.6), 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT). 

Nuclei were then disrupted by passing them through a 26G needle, before mixing of the 

solution by gentle rotation for 30 minutes (at 4 °C). Debris was removed by centrifugation 

at 14,000 ×g for 5 minutes (4 °C), and the supernatant (nuclear extract) was collected. The 

supernatant was then mixed with 2× SDS loading buffer and boiled at 100 °C for 5 

minutes. 

2.2.3.5. DNA manipulations 

Standard DNA manipulation techniques of restriction digestion, ligation, PCR, ethanol and 

isopropanol precipitation and TAE gel electrophoresis were performed using well-

established protocols. Plasmid DNA was transformed into XL1-Blue competent E. coli for 

the generation of large quantities by Mini and Maxi-preparation (Macherey Nagel), using 

the manufacturer’s instructions. Gel extraction and PCR purification (Qiagen) were 

performed using the provided protocols. DNA fragments were sequenced by Sanger 
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sequencing, which was performed locally by Source Bioscience, using synthesised primers 

(Sigma). 

2.2.4. Phenotypic analysis 

2.2.4.1. Sensitivity assay 

Exponentially growing Dictyostelium cells were diluted to 1×10
6
 cells/ml in HL5, and 

separated into 1 ml aliquots. The aliquots were then exposed to the indicated 

concentrations of genotoxic agents (MMS (Sigma), phleomycin (Sigma) or 4-NQO 

(Sigma)) or mock-treated. Phleomycin was resuspended in ddH2O to a stock concentration 

of 20 mg/ml, 4-NQO was resuspended in DMSO to a concentration of 10 mg/ml (and 

protected from light). Cells were incubated in shaking suspension at 100 rpm for 1 hour, in 

the dark in the case of 4-NQO. After incubation, 1×10
4
 cells were diluted 1:100 in KK2 

and 250 cells were mixed with 350 μl K. aerogenes and spread on to 140 mm SM agar 

plates. The plating was performed twice for each condition. The plates were incubated in 

the dark and survival was assessed by observing plaque formation after 3, 4, 5 and 6 days.  

For cisplatin-treated cells, cells were resuspended in Pt buffer to 1×10
6
 cells/ml, before the 

addition of cisplatin (Sigma). Cisplatin stock was prepared by resuspending the powder to 

3 mM in Pt buffer immediately before the experiment, and protecting from light. 

Incubation of cells with cisplatin was performed in the dark, for 5 hours, before plating out 

as described previously. 

2.2.4.2. Spore sensitivity assay 

Spores were developed and their germination was induced by the protocol outlined in 

Section 2.2.2.6. The germinating spores were immediately resuspended to 1×10
6
 cells/ml 

in a HL5/KK2 mixture (1:5 ratio), and the indicated doses of phleomycin (Sigma) were 



 

69 

administered. Cells where then incubated in shaking suspension for 16 hours at 22 °C, 

before plating out as described in Section 2.2.4.1. Spore germination rates in untreated 

samples were assessed by direction observation using a haemocytometer and Motic AE21 

trinocular microscope. 

2.2.4.3. Chromatin extraction 

Exponentially growing Dictyostelium cells were resuspended to a density of 5×10
6
 cells/ml 

in HL5, and incubated with genotoxic agents with rotation. For MMS (Sigma), 

phleomycin (Sigma) and 4-NQO (Sigma), incubation was for 1 hour (4-NQO-treated cells 

were incubated in the dark). For camptothecin (Enzo), which is resuspended 10 mg/ml in 

DMSO, incubation was in the dark for 3 hours. For cisplatin (Sigma), cells are 

resuspended to 5×10
6
 cells/ml in Pt buffer instead of HL5, and the incubation was in the 

dark for 5 hours. Following incubation, the cells were washed with KK2 and resuspended 

in Nuclear Extraction Buffer (NEB) with 0.1% Triton X-100 to a density of 1×10
7
 

cells/ml. This mixture was incubated on ice for 15 minutes, before centrifugation at 14,000 

×g for 3 minutes at 4 °C. The pellet was then resuspended in the same volume of NEB 

with 0.1% Triton X-100 again, and incubated on ice for a further 15 minutes, before 

centrifugation at 14,000 ×g for 3 minutes at 4 °C. The pellet was then resuspended in NEB 

with 200 μg/ml RNase A, and incubated for 30 minutes at room temperature, with rotation, 

before the centrifugation step was repeated. The final pellet was resuspended to 6.25×10
4
 

cells/ml in 2× SDS loading buffer, followed by boiling at 100 °C for 5 minutes. Analysis 

of chromatin extracts was performed by SDS-PAGE and Western blotting (Sections 

2.2.5.3 and 2.2.5.4). Whole-cell extracts were also prepared following treatment and 

washing in KK2, and were resuspended to 2.5×10
4
 cells/ml in 2× SDS loading buffer, 

followed by boiling at 100 °C for 5 minutes. 
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2.2.4.4. Co-immunoprecipitation of Myc-APL 

Exponentially growing Dictyostelium cells were resuspended to a density of 5×10
6
 

cells/ml, and 1×10
7
 cells per condition were treated with genotoxic agents (as described in 

Section 2.2.4.3). Following treatment, the cells were washed twice in KK2, before 

resuspension to 1×10
7
 cells/ml in IP Lysis Buffer, before incubation for 30 minutes at 4 

°C, with gentle rotation. Cell lysates were centrifuged at 14,000 rpm for 10 minutes at 4 

°C, and the supernatant was then transferred to 50 μl pre-washed Protein G Sepharose® 

beads (in a 1:1 ratio with IP Beads buffer, see below for pre-washing method; Sigma). This 

was incubated for 1 hour at 4 °C, with gentle rotation. A 20 μl aliquot of the supernatant 

was also boiled in 4× SDS loading buffer with 0.1 M DTT (100 °C for 5 minutes), as the 

input to the co-immunoprecipitation. The Protein G Sepharose® beads were separated 

from the solution by centrifugation (500 rpm for 2 minutes at 4 °C), and the supernatant 

was transferred to a fresh tube containing 50 μl pre-washed Anti-c-Myc agarose beads (in 

a 1:1 ratio with IP beads buffer; Sigma), and subsequently incubated for 90 minutes at 4 

°C, with gentle rotation. The Anti-c-Myc agarose beads are then removed from the 

solution by centrifugation (500 rpm for 2 minutes at 4 °C), and a 20 μl aliquot of the 

supernatant was boiled with 4× SDS loading buffer with 0.1 M DTT (flow-through). The 

remaining supernatant is discarded. The Anti-c-Myc agarose beads are then washed 3 

times with 1 ml IP Wash buffer, with each wash separated by centrifugation (500 rpm for 2 

minutes at 4 °). Elution is performed by addition of 30 μl 4× SDS loading buffer with 

0.1M DTT, followed by boiling at 100 °C for 5 minutes. Analysis is performed by silver 

staining (SilverQuest
TM

 Silver Staining Kit; Thermo Fisher Scientific), following the 

manufacturer’s instructions, or by SDS-PAGE and Western blotting (Sections 2.2.5.3 and 

2.2.5.4). 
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For treatment of the samples with a deubiquitinating enzyme (USP2core, LifeSensors), 

after the third wash, an additional wash is performed with 1 ml IP DUB buffer, followed 

by resuspension of the beads with 200 μl IP DUB buffer. USP2core was added to a final 

concentration of 61 nM (500 ng), and the beads were then incubated at 37 °C for 2 hours, 

with shaking. The beads were then centrifuged at 500 rpm for 2 minutes, before the IP 

DUB buffer is removed and elution is performed as described previously. 

Protein G Sepharose® and Anti-c-Myc agarose beads were both prepared by washing 5 

times with 1 ml IP Beads buffer, prior to resuspension in a 1:1 ratio with IP Beads buffer. 

2.2.5. Protein techniques 

2.2.5.1. GST-purification of proteins 

E. coli BL21(DE3) cells were transformed with pGEX-4T-2 (GE Healthcare) vectors 

containing Dictyostelium cDNA sequences to be expressed with N-terminal GST-tags. 

Induction of expression of GST-proteins was mediated by addition of 1 mM IPTG (Sigma) 

to the LB broth (containing 50 μg/ml ampicillin (Sigma)). E. coli cells were grown 

overnight at 25 °C (to an OD600 of 0.6-0.8), and the cells were harvested by centrifugation 

at 4000 ×g for 10 minutes. The cell pellet was resuspended in 10 ml lysis buffer (1× PBS, 

1% Triton X-100, protease inhibitor cocktail (Roche)), and lysis was performed by 

sonication (4 times for 30 seconds each). The resulting solution is centrifuged at 13,300 

rpm for 20 mins (4 °C), and the supernatant is added to 0.5 ml pre-washed Glutathione 

Sepharose 4B beads (GE Healthcare), before incubation at 4 °C for 1 hour (with gentle 

rotation). Glutathione Sepharose 4B beads are prepared by washing 3 times with 1 ml lysis 

buffer, and are then resuspended in a 1:1 ratio with lysis buffer. After incubation, the beads 

are removed from the solution by centrifugation (3000 rpm for 5 minutes at 4 °C) and the 

supernatant is removed. The beads are then washed twice with lysis buffer, and then twice 
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with 1× PBS and protease inhibitor cocktail only. Following the final wash and 

centrifugation, the GST-protein is eluted from the beads by the addition of 300 μl Tris (pH 

8.0) with 5 mM reduced glutathione, and incubation for 30 minutes at 4 °C (with rotation). 

The beads are then centrifuged to separate them from the supernatant, and the supernatant 

(containing the GST-protein) is removed. The elution step is repeated three times. The 

protein content of the elution fractions is verified and quantified by comparison by SDS-

PAGE and comparison with BSA standards (Section 2.2.5.3). 

2.2.5.2. In vitro determination of PAR-binding 

GST-tagged proteins are serially diluted, and increasing concentrations of each protein 

were either slot-blotted or dot-blotted onto a nitrocellulose membrane (5 μl per dot). 

Concentrations ranged from 0.625 pmol to 2.5 pmol. The membrane was subsequently 

blocked with 5% milk in TBS-T, before incubation with PAR polymers (1:5000 dilution; 

Trevigen) for 1 hour at room temperature. The membrane is then washed with TBS-T, 

before 4 washes with TBS-T with 1 M NaCl, and a further TBS-T wash. Detection was 

then performed by Western blotting with anti-PAR and anti-GST antibodies (see Section 

2.2.5.3). 

2.2.5.3. Poly-acrylamide gel electrophoresis and Western blotting 

Protein samples were analysed in sodium dodecyl sulphate polyacrylamide gels, run at 200 

V alongside pre-strained protein markers (PageRuler Plus, Fermentas). Gels were either 

pre-cast 4-15% gradient gels (Thermo Fisher Scientific), or single-percentage gels. 

Samples were then transferred onto PVDF membrane (Millipore, 0.45 μM pore size) at 

100 V for 1 hour. The membrane was then blocked for 1 hour with 5% milk in TBS-T 

(blocking buffer), before incubation with the primary antibody which was diluted in 

blocking buffer. Primary antibody dilutions and conditions used are given in Table 2.1. 
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Following incubation with the primary antibody, the membrane was washed 3 times with 

TBS-T, for 10 minutes, before incubation with the relevant horseradish-peroxidase-

conjugated (HRP) secondary antibody, which was diluted to 1:4000 in blocking buffer (1 

hour at room temperature). A further three TBS-T washes are performed (10 minutes 

each), before detection with ECL (Millipore), following the provided protocol. 

Analysis of protein content of SDS-PAGE gels was also provided by Coomassie staining 

with SimplyBlue
TM

 SafeStain (Life Technologies), using the provided protocol. 

2.2.5.4. Anti-APL antibody generation 

The antigen for raising the Anti-APL antibody, purified His-tagged macro domain region 

of APL (aa: 343-563; ΔAPL), was kindly provided by Ivan Ahel, in 50 mM HEPES (pH 

7.0), 150 mM NaCl and 2 mM DTT. Aliquots of this antigen were prepared as requested, 

and were then injected into a sheep, following the immunisation schedule shown in Table 

2.2. Crude serum, containing the anti-APL antibody, was sent to us for analysis and 

purification. This service was provided by the Scottish National Blood Transfusion 

Service. 

Table 2.1: Primary antibodies used for Western blotting on PVDF membranes. 
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2.2.5.5. Affinity purification of the anti-APL antibody with GST-APL 

The purification column (Poly-Prep® Chromatography Column, Bio-Rad) was formed by 

coupling GST-APL to CNBr-Activated Sepharose 4B beads (GE Healthcare), following 

the manufacturer’s instructions.  Briefly, 0.25 mg of GST-APL was dialysed into coupling 

buffer (0.1 M NaHCO3 (pH 8.3), 0.5 M NaCl) using a Slide-A-Lyzer™ G2 Dialysis 

Cassette (Thermo Fisher Scientific), overnight at 4 °C. CNBr-Activated Sepharose 4B 

beads were prepared as instructed to give a final volume of 1.25 ml, before addition of 

GST-APL and incubation for 1 hour at room temperature (with gentle rotation). The beads 

were then washed with 5 gel volumes of coupling buffer, before blocking with 0.1 M Tris-

HCl (pH 8.0) for 2 hours. The beads were then washed three times with a cycle of 0.1 M 

acetic acid (pH 4.0) and 0.5 M NaCl, followed by 0.1 M Tris-HCl (pH 8.0) and 0.5 M 

NaCl.  

Immediately prior to purifying the anti-APL antibody serum, the beads were washed with 

10 bed-volumes of 10 mM Tris (pH 7.5), followed by 10 bed-volumes of 100 mM glycine 

(pH 2.5), and then 10 bed-volumes of 10 mM Tris (pH 8.8). The pH was then checked to 

Table 2.2: Immunisation schedule for the generation of the anti-APL antibody in 

sheep. 
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ensure that it was pH 8.8. 10 bed-volumes of 100 mM trimethylamine (pH 11.5) were then 

added, before addition of 10 bed-volumes of 10 mM Tris (pH 7.5), and the pH was 

checked to ensure it was 7.5. Anti-APL serum (5 ml) was diluted 1:10 with 10 mM Tris 

(pH 7.5) and passed through the column three times (at 4 °C). The column was then 

washed with 20 bed-volumes of 10 mM Tris pH (7.5), and then 20 bed-volumes of 10 mM 

Tris (pH 7.5) with 500 mM NaCl. Elution was performed by addition of 10 bed-volumes 

of 100 mM glycine (pH 2.5), and collected in 1.5 ml tubes containing 1 bed-volume of 1 

M Tris (pH 8.0). The column was then washed with 10 mM Tris (pH 8.8), before a second 

elution with 10 bed-volumes of 100 mM trimethylamine (pH 11.5), into 1.5 ml tubes 

containing 1 bed-volume of 1 M Tris (pH 8.0). The protein content of the elution fractions 

was assessed by SDS-PAGE and Coomassie staining (Section 2.2.5.3), and those fractions 

containing the highest concentrations of purified anti-APL antibody were combined and 

dialysed with 1× PBS and 5% glycerol, overnight at 4 °C, before snap-freezing on dry ice 

and storage at -80 °C.  
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3. In silico identification of novel Dictyostelium proteins 

with PAR-binding domains 

 

3.1. Introduction 

The overall aim of this thesis is to identify and characterise putative Dictyostelium proteins 

that are involved in the cellular response to DNA damage, using PAR-binding domains as 

surrogate markers of such DDR proteins. Several human proteins with known PAR-

binding domains: PBMs, macro domains, PBZ domains and WWE domains, have been 

discussed previously. These proteins have roles in many cellular pathways, including the 

DDR. Therefore, the presence of a PAR-binding domain alone is not indicative of a role 

for the protein in the DDR; however, ADP-ribosylation is an increasingly apparent and 

important post-translational modification in DNA repair. Furthermore, DNA repair 

proteins contain an elevated number of these domains compared to proteins involved in 

other processes: all of the human PBZ domain-containing proteins are implicated in the 

DDR
241

. ADP-ribosylation is conserved in Dictyostelium, with three ARTs: Adprt1a, 

Adprt1b and Adprt2, currently being identified to be activated in response to DNA 

damage. The targets of these ARTs are still being identified, and the aim of this chapter is 

to identify novel proteins containing domains that may bind to these targets. The 

identification of such proteins could lead to the discovery of such protein targets, and help 

to build a more complete picture of the ADP-ribosylation network in Dictyostelium. 
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3.1.1. Known Dictyostelium proteins with PAR-binding domains 

To further our understanding of PARylation in Dictyostelium, it is important to identify 

proteins that have the potential to bind to ADP-ribose or PAR. Such proteins would likely 

contain the same PAR-binding domains found in mammalian proteins. There are currently 

three Dictyostelium proteins with annotated macro domains (Figure 3.1). Two of these 

have been identified by sequence homology to be orthologs of human macro domain-

containing proteins, whereas the third is uncharacterised. GDAP2 is the first identified 

homolog. The function of human GDAP2 is not known; however, the mouse homolog of 

the protein has been implicated in cell differentiation, and is transcribed strongly in the 

adult mouse brain
378

. The macro domain found in human GDAP2 binds to poly(A), not 

ADP-ribose or PAR
247

. The second homolog is a Dictyostelium ART, named pARTg.  It 

has been inferred from similarity of its PARP catalytic domain that this ART is the 

homolog of ARTD8, one of the human macroPARPs that has recently been implicated in 

DSBR in response to replication stress
35

. However, there is currently no experimental 

evidence linking pARTg to a cellular function. In addition to the single macro domain, the 

Dictyostelium pARTg protein contains a WWE domain and a RING domain, whereas 

human ARTD8 has three macro domains and a WWE domain
321

. The single macro domain 

of pARTg makes it unlike the three human macroPARPs, which all have multiple macro 

domains. The final macro domain containing protein is uncharacterised (UniProt 

accession: Q54YH9), and contains one macro domain and three WWE domains.  Due to 

the diverse nature of the macro domain superfamily, it is likely that there are more 

Dictyostelium proteins with currently unannotated macro domains, and potentially more 

human proteins too. Additionally, there is a clear difference between the number of macro 

domain-containing proteins in humans and Dictyostelium, suggesting that more may be 

found in the latter organism.  
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Figure 3.1 – Domain architecture of Dictyostelium macro- and WWE-domain-

containing proteins. The domain structure of the Dictyostelium proteins with currently

annotated macro or WWE domains. Three proteins have been identified as containing

macro domains: a homolog of human GDAP2, an uncharacterised protein (Q54YH9), and

an ART (pARTg). The latter two proteins additionally contain three and one WWE

domains, respectively. Another ART (pARTf) contains two WWE domains, as does

another uncharacterised protein (Q86H79). Additionally, two predicted calcium ion-

binding proteins (Q54E45 and Q55EN3) contain a single WWE domain each. Domain

abbreviations: PARP catalytic (PARP), EF-hand (EF).
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There are six Dictyostelium proteins with automatically annotated WWE domains (Figure 

3.1). Two of these are found in ARTs: the previously described pARTg, and pARTf, the 

catalytic domain of which displays homology to that of ARTD6 (BLAST results, not 

shown). Aside from the PARP catalytic domain, there are no additional domains in 

pARTf, and no experimental evidence addressing its cellular function
363

. Additionally, 

there is a protein identified with the UniProt accession Q54YH9, with three WWE 

domains, which has been introduced previously due to its macro domain. The remaining 

three proteins (UniProt accession numbers: Q54E45, Q55EN3 and Q86H79) are 

experimentally  uncharacterised; however, both Q54E45 and Q55EN3 have a pair of 

calcium binding EF hand domains, in addition to their single WWE domain
379

. The protein 

Q86H79 contains two WWE domains and no other recognised domains. The WWE 

domain annotations found here have all been performed automatically, so there may be 

additional proteins in Dictyostelium with WWE domains. 

The study that first identified the PBZ domain as a PAR-binding module also performed in 

silico homology searches to find proteins containing this domain
241

. They uncovered a 

PBZ domain in three human proteins, previously described, and seven Dictyostelium 

proteins (shown in Figure 3.2). Of these seven proteins, CHFR was the only putative 

homolog of a human PBZ domain-containing protein; however, there is no experimental 

data published to confirm that this protein is indeed CHFR. Putative homologs of DDR 

proteins Rad17, Chk2 and an FHA domain-containing uracil DNA-glycosylase (Ung) were 

identified. Human Rad17 is a checkpoint protein that is phosphorylated by ATM and ATR 

in response to various forms of DNA damage
380

. Rad17 has been implicated in the loading 

on the Rad9-Rad1-Hus1 (9-1-1) complex onto chromatin, leading to cell-cycle checkpoint 

activation
381–383

. Chk2 is a protein kinase involved in the cell-cycle arrest in response to 

detection of DSBs. Phosphorylation by ATM activates Chk2, which then phosphorylates  
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Figure 3.2 – Domain architecture of Dictyostelium PBZ-domain-containing proteins.

The domain structure of the seven Dictyostelium proteins with currently annotated PBZ

domains. CHFR, Rad17, Chk2 and Ku70 are homologs of human DDR proteins; however,

CHRF is the only human protein of these with a PBZ domain itself. Ung is an identified

uracil glycosylase, whereas ART is an uncharacterised PARP-domain-containing protein.

APL is a protein without known function, containing only an FHA domain alongside a

PBZ domain. Domain abbreviations: forkhead associated (FHA), RING finger (RING),

C2H2-type zinc finger (PBZ), PARP-type zinc finger (zF-P), PARP catalytic (PARP),

BRCA1 C-terminus (BRCT).
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downstream targets, such as p53 and BRCA1, resulting in cell-cycle arrest
384–386

. 

PARylation has not been implicated in the function of Rad17 or Chk2 in humans. 

Additionally, a PBZ domain is found in a Dictyostelium ART (unclassified), alongside 

WWE and BRCT domains. There is no human ART with an identified PBZ domain, but it 

may play a role similar to the macro domains of the macro PARPs. However, the role of 

this ART in Dictyostelium has not been ascertained. Also identified in the homology 

search was a protein with no human homolog, but containing an N-terminal FHA domain 

with sequence homology to the human DDR proteins APLF, APTX and PNKP (hereby 

referred to as aprataxin-like protein (APL); UniProt accession: Q54B72). The presence of 

this FHA domain may indicate a role for this protein in the DDR; however, there is no 

experimental evidence to support this. 

The only Dictyostelium PBZ-domain-containing protein to be experimentally studied is 

Ku70, which contains a C-terminus, PAR-binding PBZ domain that is absent in the human 

homolog. As described previously, this PBZ domain has been shown to stabilise NHEJ 

factors at DSBs, and its deletion greatly reduces the capability of cells to perform NHEJ
360

. 

In humans, the tandem PBZ domains of APLF perform this function, and it appears that 

some kind of domain switching event has occurred during the course of evolution as 

humans and Dictyostelium diverged
15

. While the overall mechanism of PAR-dependent 

stability of NHEJ complexes has been conserved, but the domain responsible for this is 

found in different proteins. We hope that this example is not the only occurrence of 

domain switching, and that we may identify novel DNA repair proteins by genome-wide, 

in silico protein homology searches. The sequence variability of the macro domain 

superfamily in particular makes such searches difficult, so therefore we will be applying 

advanced bioinformatics techniques. 
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3.1.2. Methods of in silico protein homology searching 

In parallel with the increasing size and availability of protein and DNA sequence 

databases, there has also been an increasing demand for tools with which to search them. 

Upon encountering a new protein, one of the earliest indications of function can lie in the 

domains or regions present in the protein, which can be identified if they display homology 

to already characterised or annotated domains in other proteins. To perform this analysis, 

algorithms for protein homology searching have been developed, and are continuously 

increasing in their sophistication and speed. 

Protein homology searching tools fall into two general categories: global and local. Global 

homology searching algorithms look for complete matches of the input (or seed) sequence 

with database proteins, whereas local algorithms match regions of the seed sequence with 

regions of the database proteins
387,388

. Therefore, global algorithms are less able to match 

regions of high homology to the seed in database proteins if they are surrounded by 

regions of low homology, which is often the case for evolutionarily distant enzymes 

sharing an active site. Local regions of homology shared between proteins typically 

represent domains, making local algorithms much more suitable for identifying specific 

domains. Therefore, local homology searching tools will be employed for searching for 

proteins with novel PAR-binding domains. 

One of the most commonly encountered local homology searching algorithms is the Basic 

Local Alignment Search Tool (BLAST)
370

. BLAST directly compares the input sequence 

with those in the database in a pairwise manner, seeking regions of maximal local 

homology. The output of BLAST is a list of proteins with identified regions of homology 

with some or all of the input sequence, alongside assigned expectation values (E-values). 

The E-value of a homology match represents the chance that the match could have 



 

83 

occurred randomly, taking into account the input sequence length and database size. 

Therefore, the closer the E-value is to zero, the more confidence can be taken that the 

regions of the input and matched sequences are homologous.  

BLAST utilises a comparatively simple and fast algorithm, making it an attractive choice 

for many applications. However, homology searching within domain families containing 

more varied sequences requires more complicated mathematical and statistical tools. One 

main class of such tools use profile hidden Markov models (profile-HMMs) for homology 

searching
389

. The input of such tools is a profile-HMM instead of a single sequence. A 

profile-HMM is constructed from a multiple sequence alignment of homologous domain 

sequences, which are converted into a mathematical construct representing the amino acid 

variations at every point of the sequences as a probabilistic model (including insertions and 

deletions). Therefore, a profile contains substantially more information about the input 

domain than a single sequence, and exploiting this variation allows for more variant 

members of a family of domains to be identified. Initially, profile-HMMs were used to 

search sequence databases in profile-sequence searches
371

. However, greater sensitivity 

can be achieved by using profile HMMs to search databases consisting of other profile-

HMMs, in profile-profile comparison
390

. Thereby, the sequence variation encoded in the 

profile is applied to both sides of the search. 

Typically, protein sequence homology searching tools are applied together to maximise 

their effectiveness and to minimise false positives. A sample workflow is shown in Figure 

3.3. To identify novel proteins containing a known domain, a well characterised sequence 

from this domain family is used as an input to a BLAST search. The sequences of the 

statistically significant hits of this search are then aligned and used to form the profile-

HMM for more sensitive profile-sequence and profile-profile searches. The sequence  
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Start with the amino acid sequence of a 
known domain and use BLAST.

Take the significant matches from the BLAST 
results and form a profile.

Homology searches using profile hidden 
Markov models (profile-HMMs).

Homology searches against protein families 
or alignments and structure prediction.

SEQUENCE-SEQUENCE

PROFILE-SEQUENCE

PROFILE-PROFILE

Putative domain identification

Iterate

Figure 3.3 – Overview of the in silico approach to identify previously undiscovered

PAR-binding domains. The starting point of this workflow is the amino acid sequence of

a known domain, which is used in BLAST sequence-sequence searches. The results of this

BLAST are used to form a profile, which is the input for the more sophisticated profile-

HMM based algorithms. Profiles are first used to search sequence databases in an iterative

manner, with the output of one search is used as the input for the next. Following this,

profile-profile searches are employed to incorporate the advantages of the profile on both

sides of the search.
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output of these can then be aligned and resubmitted in an iterative manner to provide a 

more powerful search.  

The above homology detection algorithms are based around comparison of the primary 

structure of proteins. However, the conservation of function of a domain is a much more 

valuable discovery, and function is determined by the tertiary structure of a protein. 

Multiple algorithms exist for comparison of known domain structures with those in 

structural databases, and these use various metrics for calculating the similarity of two 

structures and aligning them
391,392

. Of course, the structural alignment of a domain requires 

a solved structure of that domain, and a suitably large database of structures from which to 

search. These are currently the major limiting factors of these techniques. Alternatively, 

tools have been developed for the prediction of both secondary and tertiary structures of 

proteins. Two categories of tertiary structure modelling tools are de novo and comparative 

(or homology) protein modelling. Briefly, de novo modelling utilises physical laws to 

build stable protein conformations (energy minimums) from knowledge of only the 

primary sequence of the protein or domain in question, whereas homology modelling bases 

its prediction on a known template structure, and requires a multiple sequence alignment 

of the query and template sequence
374,393–396

. De novo methods are typically 

computationally expensive; whereas homology modelling relies on an expectation of what 

the domain being modelled looks similar too, and will not predict truly novel structures. 

Several secondary structure prediction tools are also available, relying on inputs of single 

sequences and multiple sequence alignments, and utilising neural network and machine 

learning algorithms in their prediction
397,398

. 
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3.1.3. Aims 

In this chapter, the previously introduced methods of in silico homology searches will be 

applied to identify novel proteins containing PAR-binding domains in Dictyostelium. As 

has been illustrated with the PBZ domains in Dictyostelium Ku70 and human APLF, PAR-

binding domains may have evolved in different proteins in these two organisms, and may 

serve as surrogate markers for DNA repair proteins.  The searches will be limited to the 

PBZ and macro domains, as these are found more frequently in human DDR proteins than 

WWE domains. The PBM will be excluded from this procedure as its 8 amino acid 

consensus motif is too short for currently available homology searching algorithms to 

provide statistically reliable results, as false and true positives cannot be distinguished
399

. 

Therefore, the in silico approach is questionable for this motif. Advanced techniques 

employing profile-HMMs will be used to search for diverse members of the macro domain 

superfamily, which may not be identified using BLAST. Putative PAR-binding 

Dictyostelium proteins will be bioinformatically analysed to gain as much information 

about their possible function prior to the commencement of experimental assays. 

3.2. Results 

3.2.1. Analysis of PBZ domain-containing proteins in Dictyostelium 

We firstly performed genome-wide homology searches for novel proteins with PBZ 

domains. PBZ domains have specificity for binding to PAR chains, and so identifying a 

PBZ domain in a protein would be a strong indicator of that protein binding to PARylated 

proteins in vivo. The consensus sequence of the PBZ domain is a well-defined, twenty-four 

amino acid sequence of [K/R]X2CX[F/Y]GX2CXBBX4HX3[F/Y]XH, with B and X 
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representing basic and unconstrained amino acids, respectively
241

. This sequence is quite 

short for homology searching algorithms, but is suitable for this analysis. 

A comprehensive study and identification of PBZ domains in proteins has already been 

performed, and this study highlighted the apparent increased reliance of Dictyostelium 

DNA repair on proteins containing PBZ domains, compared to humans: seven 

Dictyostelium proteins have thus far been found to contain PBZ domains, in comparison to 

three human proteins
241

. An alignment of the known human and Dictyostelium proteins is 

shown in Figure 3.4. As in silico investigations have already been performed for this 

domain, we decided to start with the more sophisticated profile-sequence and profile-

profile HMM based methods for homology searching (HMMer2/HMMer3, 

HHpred)
371,372,390

. The alignment in Figure 3.4 serves as the input for these processes, and 

the profile-HMMs were formed from this. Despite multiple iterations and extensive 

searching, we were unable to find any additional proteins in Dictyostelium or human that 

contain novel PBZ domains.  

3.2.2. Identification of novel Dictyostelium proteins with macro domains 

Unlike the PBZ domain, which has a strict consensus sequence, there is much more 

sequence variability across the macro domain superfamily, and macro domains have been 

shown to bind to a variety of ligands
246

. The multiple sequence alignment of currently 

annotated human and Dictyostelium proteins is shown in Figure 3.5, and although this 

alignment does display blocks of homolog, these blocks do not stretch across all members 

of the superfamily. This variability increases the likelihood that Dictyostelium proteins 

may exist with macro domains that have escaped automatic annotation. However, the lack 

of a defined consensus sequence makes identification of these domains more challenging.  
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* ** *

Figure 3.4 – Multiple sequence alignment of known human and Dictyostelium PBZ

domains. The sequences of the PBZ domain-containing regions of human and

Dictyostelium proteins were aligned using T-Coffee. The completely conserved cysteine

and histidine residues that define the domain are marked by asterisks. Sequences are

coloured by BLOSUM62 score: 0.5-1.5 – green, 1.5-3 – blue, 3< – red, where a higher

number represents stronger conservation of an amino acid.
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Human MacroH2A1
Human ARTD8 MD1
Human ARTD9 MD1

Dictyostelium pARTg
Human GDAP2

Dictyostelium GDAP2
Human MacroD1
Human MacroD2

Dictyostelium Q54YH9
Human ARTD8 MD2
Human ARTD7 MD1
Human ARTD9 MD2
Human ARTD8 MD3
Human ARTD7 MD2

Human ALC1
Human TARG

Figure 3.5 – The alignment of all known Dictyostelium and human macro domains.

This multiple sequence alignment contains the sequences of all of the currently known

macro domains in humans and Dictyostelium. This alignment is used to form a profile-

HMM for further homology searches for novel macro domain-containing proteins.

Sequences are coloured by BLOSUM62 score: 0.5-1.5 – green, 1.5-3 – blue, 3< – red,

where a higher number represents stronger conservation of an amino acid.



 

90 

Therefore, the more sophisticated approach utilising profile-HMMs is necessary for the in 

silico search for novel macro domains. 

As we are searching for macro domains that act as PAR-binding domains, a relevant 

starting point for the search is the sequence of a known PAR-binding macro domain. It 

would be hoped that an undiscovered, novel PAR-binding domain would show more 

sequence similarity to such a domain, as opposed to one that binds to poly(A), for 

example. The macro domain of ALC1 is a well-characterised PAR-binding macro domain 

that is crucial for the function of ALC1 as a helicase in the DDR in humans
250

. Therefore, 

the sequence of this macro domain is a highly suitable starting point for our homology 

searches. Additionally, there is no currently identified homolog of ALC1 in Dictyostelium, 

and it is possible that a putative homolog may be currently unannotated. We also 

performed BLAST searches using other macro domains found in human proteins as their 

starting point, but these did not yield any additional Dictyostelium proteins.   

Firstly, the primary sequence of the macro domain of human ALC1 was used as the input 

to a BLAST search. The results of this homology search, which are shown aligned in 

Figure 3.6, uncovered a previously unannotated macro domain in Dictyostelium DNA 

Ligase III (Lig3; UniProt accession: Q54QM4), with an E-value of 0.02. Human Lig3 is a 

well-characterised human DDR protein, with confirmed functions in SSBR, NER and alt-

NHEJ
68,180,235

. This E-value is higher than might be expected to imply that the result is 

significant; however, this is likely due to the diversity within the macro domain 

superfamily. Despite Lig3 not being a novel DDR protein in Dictyostelium, the discovery 

of a central macro domain is novel as no human DNA ligase has a macro domain; 

however, DNA Ligase III orthologs from other species have been found to contain macro 

domains (Naegleria gruberi - amoeba-flagellate) or PBZ domains (Strongylocentrotus 

purpuratus – sea urchin)
400

. Interestingly, none of the other currently annotated human or  
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Figure 3.6 – A BLAST search conducted with the macro domain of ALC1 as an input

reveals a macro domain in Dictyostelium DNA Ligase 3. A multiple sequence alignment

of the statistically significant (E value < 0.05) results of a BLAST search using the

sequence of the macro domain of ALC1 as its input, ordered by sequence similarity to

human ALC1. This alignment was subsequently used to form a profile for future in silico

searches. Proteins are labelled by UniProt accession numbers. Sequences are coloured by

BLOSUM62 score: 0.5-1.5 – green, 1.5-3 – blue, 3< – red, where a higher number

represents stronger conservation of an amino acid.
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Dictyostelium macro domain containing-proteins appeared in the BLAST results from the 

macro domain of ALC1. This illustrates the combined challenge of the limitations of 

BLAST with the diversity of the macro domain superfamily. 

Following the BLAST search with the macro domain of ALC1, we wished to employ 

techniques using profile-HMMs. Profile-HMMs encapsulate the natural variation of amino 

acid sequences with a domain family, and will be more suited to exploring the space of 

possible macro domains. Therefore, the sequences that resulted from the BLAST search 

with an E-value less than 0.05 were aligned (Figure 3.6) and converted into a profile. 

Additionally, a profile consisting of an alignment of the sequences of all of the known 

human and Dictyostelium macro domains was formed (Figure 3.5). Using these two 

profiles in profile-sequence local homology searches with HMMER3 and HMMER2 

revealed a further two Dictyostelium proteins with unannotated macro domains. These 

proteins are the previously introduced, PBZ-domain-containing protein APL (UniProt 

accession: Q54B72), and a completely uncharacterised protein with UniProt accession 

number Q54R54. We also identified a human homolog of protein Q54R54, also containing 

an unannotated macro domain (UniProt accession: Q9NQ89). Therefore, as a result of this 

in silico genome-wide search, three Dictyostelium and one human protein with a novel 

macro domain have been identified. The domain structures and an updated alignment of 

known macro domains in human and Dictyostelium are shown in Figure 3.7. This 

alignment further illustrates the high variation in amino acid sequence between the 

different macro domains, as at many relatively well-conserved amino acid positions in the 

previous alignment (Figure 3.5), the newly discovered sequences do not display 

conservation.   
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Figure 3.7 – Homology searching for novel Dictyostelium proteins with macro

domains yields three results. A: The domain structures of the three Dictyostelium

proteins, and one human protein, that have been identified to contain previously

undetected macro domains. Proteins are identified by name or UniProt accession number.

Domain abbreviations: Brca1 C-terminus (BRCT). B: Multiple sequence alignment of all

known human and Dictyostelium macro domains, including the findings of this study. The

position of the D723 amino acid in human ALC1, which is vital for PAR-binding and

protein function, is marked by an asterisk. Sequences are coloured by BLOSUM62 score:

0.5-1.5 – green, 1.5-3 – blue, 3< – red, where a higher number represents stronger

conservation of an amino acid.
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3.2.3. The macro domain of APL is circularly permuted 

Following the identification of these novel putative PAR-binding domains, we 

subsequently employed the profile-profile homology comparison tool HHpred, which 

employs structural prediction in addition to HMM-HMM comparison. The sequence of the 

macro domain region of APL (aa: 354-563; Figure 3.8A) was used as the input to HHpred, 

and the statistically significant results that were returned were all from known macro 

domains. This further strengthens evidence that a macro domain does exist in APL. While 

this approach yielded no further novel macro-domain-containing proteins, it unveiled an 

interesting characteristic about the macro domain identified in APL: it is circularly 

permuted compared to the other macro domains found in human and Dictyostelium 

proteins.  This was detected in the HHpred results as the sequences of the known macro 

domains did not align in a continuous manner with that of APL: the N-terminal and C-

terminal ends of the domain were exchanged (Figure 3.8B). The only result for which this 

is not true is that with the smallest E-value, and corresponds to the structure of the first and 

second macro domains of ARTD8 (Figure 3.8C). In this alignment, the N-terminus of the 

macro domain in APL aligns with the C-terminus of the first macro domain of ARTD8, 

while the C-terminus of the macro domain of APL aligns with the adjacent N-terminus of 

the second macro domain of ARTD8. The macro domain of APL therefore aligns with the 

macro domains in ARTD8 in a continuous manner, but this alignment still represents a 

permuted macro domain. The HHpred result, and subsequent alignment of ARTD8 and the 

macro domain of APL  (Figure 3.8D) indicate that the N-terminus of the macro domain of 

APL aligns with the C-terminus of the first macro domain of ARTD8, and the C-terminus 

aligns with the N-terminus of the second macro domain (with an insertion between them). 

Sequence alignments of the macro domain of APL with the individual macro domains of  
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Figure 3.8 – The macro domain of APL has undergone a circular permutation. A:

Diagrammatic representation of the input to the HHpred server, used for profile-profile-

HMM homology searching and secondary structure prediction. B: A representation of the

results from HHpred. The black line at the top represents the sequence of the macro

domain of APL, and the significant matches to it are shown as blue boxes below. The

matches are fragments of known PDB structures (white text), which align with the macro

domain of APL. Those structures representing human macro domains are also named

(black text). All of the significant matches to the macro domain of APL are structures of

proteins containing macro domains. Interestingly, aside from the top result (which is the

structure of the first and second macro domains of human ARTD8), the rest of the aligned

macro domains have been split in two, with the N- and C-terminal ends of the structures

swapped (pairs are indicated by coloured bars). This indicates a circular permutation in the

macro domain of APL, at the point marked by an asterisk. Selected PDB IDs from human

proteins: 4d86 – ARTD8 (macros 1 and 2), 4uml – GDAP2, 1yd9 – MacroH2A1, 2xd7 –

MacroH2A2, 2x47 – MacroD1, 3q6z – ARTD8 (macro 1), 3q71 – ARTD8 (macro 2), 4abl

– ARTD8 (macro 3), 4iqy- MacroD2, 3v2b – ARTD7 (macro 2), 5ail – ARTD9 (macro 2),

4j5r/2lgr – TARG. C: Domain structure of ARTD8, indicating the region of the protein

represented by the structure 4d86, and the alignment of the macro domain of APL

calculated by HHpred. This further shows that the macro domain is permuted. D:

Alignment of the macro domain of APL and ARTD8, as shown in C, by T-Coffee. Amino

acids are coloured by BLOSUM62 score, which in the case of two sequences colours

identical amino acids red, and those of a similar type green.
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ARTD8 indicate that it shares the most sequence identity with the second macro domain, 

but it is less similar to that than to the hybrid of the first and second macro domains. 

These data indicate that the macro domain of APL has undergone a circular permutation. 

In such a permutation, the subdomains of a protein or domain are rearranged in a circular 

manner relative to the other members of its family (Figure 3.9A). Such events are thought 

to arise through duplication events or by the differential fission of subdomains over the 

course of evolution (Figure 3.9B)
401,402

. In the case of the macro domain of APL, there are 

two subdomains, and the effect of the permutation is to swap the position of the two 

subdomains (Figure 3.9C). Following this permutation, the N- and C-termini of the non-

permuted macro domain become the centre of the domain, and the centre of the non-

permuted domain becomes the new N- and C-termini (labelled N’ and C’, respectively). 

We wished to identify if permuted macro domains could be found in other proteins, as 

these would be more difficult to detect by the methods applied so far. A BLAST search 

with the sequence of the permuted macro domain of APL reveals some protein sequences 

with high levels of homology to it (Figure 3.9D). Aside from APL homologs in the closely 

related Dictyostelium purpureum, Dictyostelium fasciculatum and Polysphondylium 

pallidum, the permuted macro domain is also identified in a protein in Arabidopsis 

thanalia (Unipot accession: Q9M041). This has been identified as a transcription factor by 

homology, but does not share any other domains in common with APL.  

3.2.4. Structural prediction of the macro domain of APL  

The gross sequence rearrangement associated with a circular permutation could have 

significant impact on the structure of the domain of APL, and therefore would also affect 

and potentially disrupt its function. In order to determine whether or not the macro domain 

of APL has retained its structure, we attempted to predict the structure of the domain. We  



 

99 
  

B CA BC A
CIRCULAR

PERMUTATION

A

C

BA

STANDARD MACRO

AB

APL-TYPE MACRO

N C NN’N’ C C’C’

D

B

B CA

B CA B CA

BC A

Gene or domain duplication

Mutations to introduce new start and stop codons

BC AB CA

CBA

Alternative fusion of two ancestor genes

Gene duplication model

Fission and fusion model

D. discoideum APL
D. purpureum APL

D. fasciculatum APL
P. pallidum APL

S. moellendorffii D8RXR4
O. sativa Q10MW4

A. thaliana Q9M041
R. communis B9SWY0 

*D. discoideum APL
D. purpureum APL

D. fasciculatum APL
P. pallidum APL

S. moellendorffii D8RXR4
O. sativa Q10MW4

A. thaliana Q9M041
R. communis B9SWY0 

D. discoideum APL
D. purpureum APL

D. fasciculatum APL
P. pallidum APL

S. moellendorffii D8RXR4
O. sativa Q10MW4

A. thaliana Q9M041
R. communis B9SWY0 



 

100 
 

Figure 3.9 – Circularly-permuted macro domains exist in other species. A: An

illustration of a circular permutation for a protein (or domain) with three sub-domains. B:

Diagrammatical representation of the gene duplication and fission and fusion models of

circular permutation. C: An illustration of the circular permutation that has occurred in the

macro domain of APL compared to classical macro domains. D: The results of a BLAST

search with the circularly permuted macro domain of APL, indicating that circularly

permuted macro domains are observed in proteins in other species. Alongside the

orthologs of APL in other closely related slime moulds: D. purpureum (F0Z946), D.

fasciculatum (F4QDB1) and P. pallidum (D3BHP0), a permuted macro domain is

identified in a putative transcription factor in Arabidopsis thanalia (Q9M041). Proteins are

identified by their UniProt accession numbers, and coloured according to amino acid

conservation (BLOSUM62 score): : 0.5-1.5 – green, 1.5-3 – blue, 3< – red, where a higher

number represents stronger conservation of an amino acid. Conservation of amino acids in

these pileups can be used to identify functionally important residues, such as the one

marked with an asterisk here (E439 in Dictyostelium discoideum APL).
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employed the technique of homology modelling for this purpose, which models domains 

from a template structure of a solved domain, and a multiple sequence alignment of the 

target and query domains
403

. The structures of several human macro domains have been 

solved; however, that of the PAR-binding macro domain of ALC1 has not. The structure 

of this macro domain would be most suitable to complement the in silico search we have 

performed. In the absence of this structure, we chose the structure of the human protein 

MacroD1 (PDB ID: 2x47; Figure 3.10A), as it displays the highest sequence similarity to 

that of APL, once it has been manually unpermuted. The structure of MacroD1 was 

modified in two ways to make it suitable for modelling the permuted macro domain of 

APL. Firstly, a break in the protein backbone at the approximate location of the 

permutation site was made, and secondly, the chain numbers were reordered so as to 

mimic those of a permuted macro domain. The judgement of location of the permutation 

site was informed by the alignment shown in Figure 3.8B, of which MacroD1 is a member, 

and was also chosen so as to avoid the secondary structure elements in the solved structure 

of MacroD1. These structure modifications were made to assist the modelling algorithms, 

and should not affect the convergence of the modelling algorithm. A multiple sequence 

alignment of the sequence of the macro domain of MacroD1 and the permuted macro 

domain of APL was made, but displayed only 18% sequence identity due to the diversity 

of the macro domain superfamily. Such a low level of sequence identify is generally 

unsuitable for homology modelling; however, we continued as the model produced would 

serve only as a guide
404

. The result of the homology modelling is shown in Figure 3.10B, 

and this displays a high degree of secondary and tertiary structure similarity with the 

macro domain of MacroD1, shown by an overlay of the predicted and template structures 

in Figure 3.10C. Additionally, the binding pocket of the macro domain of MacroD1 is 

present in the predicted structure of the macro domain of APL (Figure 3.11A). Therefore,  
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Figure 3.10 – Structural prediction of the permuted macro domain of APL by

homology modelling suggests that the domain has retained the structure of a classical

macro domain. A: Arbitrarily chosen front and back views of the solved structure of

MacroD1 (PDB: 2x47), which was chosen to be the template for the homology modelling

of the macro domain of APL. The secondary structure of the protein is displayed, with

rainbow colouring from N- to C-terminus (blue to red). B: Front and back views of the

predicted structure of the macro domain of APL (APL Macro), generated by homology

modelling. The secondary structure of the predicted macro domain is shown, rainbow

coloured from N- to C-terminus (blue to red). The change of location of N- and C-termini

is clearly apparent, as is the loop predicted over the N- and C-termini of MacroD1 (marked

by an asterisk).The structures of MacroD1 in A and of APL Macro were aligned in Pymol

and so each view is taken from the same place for both structures. C: An overlay of the

template structure of MacroD1 (turquoise) and the predicted structure of APL Macro (red),

showing secondary structure.
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Figure 3.11 – Predicted conservation of the binding pocket of the permuted macro

domain of APL. A: Surface visualisation of the solved structure of the macro domain of

MacroD1 (left; orange) and the predicted structure of the macro domain of APL (right;

purple). The binding pocket is shown by an arrow in both structures. B: The same surface

visualisations as A, but with secondary structure superimposed. The side chain of the

catalytically important D160 amino acid in MacroD1 is shown on the right-hand side of

the binding pocket. The side chain of the identified E439 amino acid in the macro domain

of APL is also shown, and is located with a similar position and orientation to D160. C:

An overlay of the known structure of MacroD1 and the predicted structure of the macro

domain of APL, focusing on the region of the D160 and E439 amino acids of MacroD1

and APL, respectively.
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this predicted structure suggests that the macro domain of APL may be functional, and still 

resembles the rest of the macro domain superfamily, despite its permutation. The obvious 

caveat of homology modelling is that, if the modelling converges to a structure, that 

structure will be highly similar to the template. However, if the sequence inputted is not 

suitable then there will be no convergence at all, and the result will be a string of amino 

acids with no secondary structure elements. The convergence of the structure of the 

permuted macro domain of APL is therefore encouraging.  

In addition to predicting the structure of the macro domain of APL, we wanted to use this 

structure to inform future experiments. The circular permutation, coupled with the 

diversity of the macro domain superfamily, makes it difficult to form and draw 

conclusions from multiple sequence alignments, and therefore the prediction of catalytic or 

key amino acids must be done by other methods. Firstly, the alignment of permuted macro 

domains (Figure 3.9D) gives some indication of functionally important regions of the 

macro domain of APL, as these regions will be more resistant to the accumulation of 

mutations over the course of evolution. Secondly, analysis of the amino acids around the 

binding pocket of the predicted structure is also highly informative. In ALC1, the mutation 

of the aspartic acid at position 723 (D723) to alanine abrogates the PAR-binding ability of 

its macro domain
250

. The position of this amino acid is marked in Figure 3.7B; however, 

the aspartic acid aligned with this in the macro domain of APL is not proximal to the 

predicted binding pocket. The equivalent amino acid in the structure of MacroD1, D160, is 

located in the binding pocket of the macro domain of this protein (Figure 3.11B). The 

mutation of this amino acid to alanine reduces the catalytic activity of the domain in 

deacetylating O-acetyl-ADP-ribose
377

. Comparison of the region of the structure of 

MacroD1 containing D160 with the macro domain of APL reveals a glutamic acid (E439) 

in a similar position and orientation, which may perform the same role in PAR-binding as 
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D723 in ALC1 (Figure 3.11B-C). Moreover, the glutamic acid at position 439 in APL is a 

conserved acidic residue across the permuted macro domains (Figure 3.9D), further 

implicating it as a functional amino acid.  

3.3. Discussion 

In this chapter, we have identified three additional Dictyostelium proteins with putative 

PAR-binding domains: Lig3, APL and Q54R54 (and its human homolog Q9NQ89). These 

proteins have all been found to contain macro domains. Additionally, the macro domain of 

APL was found to have undergone a circular permutation with respect to the other 

identified human and Dictyostelium macro domains. However, prediction of the structure 

of this permuted macro domain suggested that it has retained its structure and may still be 

functional. The search for proteins containing previously unannotated PBZ domains did 

not build on the already known list of proteins
241

. Therefore, this study has reinforced the 

suggestion that Dictyostelium DNA repair has a stronger reliance on PBZ domains 

compared to humans, but there are still substantially more human proteins containing 

macro domains. 

Following this in silico identification, the next step of the analysis is to assess whether or 

not these proteins are involved in the DDR, and to determine the role of PARylation in 

their function. It is impractical to study all of the proteins simultaneously, and therefore we 

need to identify which of the candidate proteins are more likely to be involved in the DDR 

from the information available in protein databases. The domain structures of the three 

Dictyostelium proteins with previously unannotated macro domains are shown in Figure 

3.7A. Dictyostelium Lig3 shares similar domain structure with human Lig3. Aside from 

the presence of a macro domain in Dictyostelium Lig3, there are two other notable 

differences: Dictyostelium Lig3 lacks the N-terminal PARP-type zinc finger present in 
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human Lig3, and has two BRCT domains instead of one
68

. Aside from its C-terminal 

macro domain, APL has an FHA domain and a PBZ-domain, the latter of which is 

predicted to bind to PAR and was identified prior to this study
241

. The FHA domain is a 

phospho-specific protein-protein interaction motif that is found in many DNA repair 

proteins
405

. As previously introduced, the FHA domain of APL displays sequence 

similarity to the FHA domains found in human APTX, PNKP and APLF, which are 

proteins involved in the human DDR (Figure 3.12)
15,74,406

. However, no human protein has 

the same domain structure as APL. Furthermore, no annotated human protein contains 

both a PBZ and a macro domain. Finally, despite extensive homology searching, the 

Dictyostelium protein Q54R54 and its human homolog Q9NQ89 do not contain any other 

characterised domains aside from their macro domains. While the presence of an 

uncharacterised human ortholog makes Q54R54 an interesting candidate, macro domains 

do not all bind to PAR and their presence certainly does not implicate a protein in the 

DDR. Q54R54 could therefore be involved in a wide range of cellular processes, and in the 

absence of known domains that may implicate the protein in DNA repair, we decides that 

Q54R54 would be an impractical choice for study in this thesis. However, the role of the 

macro domain and the overall function of the protein are certainly worth further 

investigation in either organism. Therefore, from initial observations of the domain 

structures of the candidate proteins, we have two proteins that we will investigate 

experimentally: Lig3 and APL. 

Lig3 is already implicated in the DDR in humans, but the variation of the domain structure 

of Dictyostelium Lig3 could indicate an alternative mechanism of recruitment to SSBs. 

The traditional model of human Lig3 recruitment to SSBs is achieved through its 

interaction with XRCC1, which is itself recruited to the PAR scaffold synthesised by 

ARTD1
34,68

. Recently, however, it has been suggested that Lig3 is able to detect and bind  
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Figure 3.12 – The FHA domain of APL is found in three human DDR proteins.

Performing a BLAST search with the FHA domain of APL as the input yields three

statistically significant matches to human proteins: DNA end-processing factors APTX,

PNKP and APLF. The domain structure of these proteins is shown, along with an

alignment of their FHA domains (below). The amino acids are coloured by BLOSUM62

score: 0.5-1.5 – green, 1.5-3 – blue, 3< – red, where a higher number represents stronger

conservation of an amino acid. Domain abbreviations: histidine triad (HIT), C2H2-type

zinc finger (ZF), phosphatase (PPA), Ku binding motif (K).
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to DNA nicks directly via its PARP-type zinc finger. This interaction is thought to be 

XRCC1- and PAR-independent
86

. As Dictyostelium Lig3 has no PARP-type zinc finger, it 

would appear that this mechanism of direct recruitment to DNA breaks may be absent. In 

this regard, the presence of a macro domain may indicate a stronger dependence of 

Dictyostelium SSBR, and potentially NER, on PARylation (if the macro domain is found 

to bind to PAR). The macro domain may also augment the function of Dictyostelium Lig3. 

This macro domain bears the strongest homology to that of human ALC1, a factor not yet 

identified in the Dictyostelium genome. In a manner analogous to the domain switching of 

the PBZ domain of human Ku70 and APLF, the macro domain of Dictyostelium Lig3 may 

serve the same PAR-binding function as that of ALC1, or may recruit and stabilise 

additional proteins not yet implicated in DNA repair
250

. As no human DNA ligase has been 

found to contain a macro domain, the role of the macro domain of Dictyostelium Lig3 

could provide useful mechanistic insights into the DDR.  

APL is a Dictyostelium protein with novel domain structure and no clear human homolog, 

making it an attractive candidate for a DNA repair protein in Dictyostelium. The presence 

of an FHA domain at the N-terminus of APL, which displays homology to the FHA 

domains found in the human DNA repair proteins APTX, PNKP and APLF, provides 

further evidence that it may function in the DDR. As FHA domains mediate phospho-

specific protein-protein interactions, the FHA domain of APL may bind to the same DDR 

factors as the human proteins containing the same domain. Such interactions would 

strongly implicate APL in the DDR. Furthermore, APL additionally contains a PBZ 

domain, which is predicted to bind PAR
241

. Therefore, APL has two potential PAR-

binding domains in its PBZ and macro domains. In APLF, tandem PBZ domains act to 

increase the affinity of the protein to PAR chains, and this could also happen with these 

two domains in APL
268

. Such cooperativity is conceivable due to the complementary, 
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differential binding of PBZ and macro domains to PAR chains: PBZ domains can bind to 

the junction between ADP-ribose moieties, whereas macro domains bind to the terminal 

ADP-ribose unit
240,264

. This would be the first example of two different PAR-binding 

domains acting cooperatively. Alternatively, the macro domain may bind to mono-(ADP-

ribosyl)ated  proteins, or possess catalytic activity to break down PAR. The presence of a 

PAR-binding PBZ domain and either a MAR-binding or catalytically active macro domain 

would suggest an interesting mechanism of action of the protein, and potentially dual-

functionality. The behaviour of the individual domains of APL will be addressed in later 

chapters.  

Interestingly, the permuted macro domain of APL shows strongest homology to the C-

terminus of the first and N-terminus of the second macro domains of ARTD8, a human 

MART recently implicated in HR at stalled replication forks
35

. The second macro domain 

of ARTD8 has been shown to strongly bind ADP-ribose in vitro, and auto-modified 

ARTD10 in vivo, while the independent function of the first macro domain is less clear
407

. 

The alignment of the macro domain of APL with those of ARTD8 suggests that the macro 

domain of APL may be a MAR-binding domain. Furthermore, this could also implicate 

APL in the cellular response to replication-associated DNA damage. Dictyostelium has a 

putative homolog of ARTD8, previously referred to as pARTg. Similar to human ARTD8, 

pARTg contains a PARP catalytic domain and a WWE domain, but only one macro 

domain (human ARTD8 has three). As previously discussed for Dictyostelium Lig3 and 

Ku70, domain switching could have occurred between APL and pARTg, thereby 

transferring some of the functionality associated with human ARTD8 to a novel 

Dictyostelium protein, in this case APL. One possible explanation for the permutation of 

the macro domain of APL is that it has been caused by a duplication event, or the fusing of 

two adjacent non-permuted macro domains. The homology between the first and second 
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macro domain region of ARTD8 and APL and the lack of multiple macro domains in 

pARTg would be explained by this hypothesis.  

We have identified two Dictyostelium proteins with previously unannotated macro 

domains, which we will proceed to experimentally characterise in the future chapters of 

this thesis. Lig3, a known DDR protein in humans, may display stronger reliance on 

PARylation in this organism, while APL is an intriguing protein with novel domain 

structure and several links to human DDR proteins. We will first characterise Lig3, before 

moving on to the novel protein APL. 
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4. The role of the macro domain of Dictyostelium DNA 

ligase III in DNA repair 

 

4.1. Introduction 

4.1.1. Human DNA ligases in DNA repair 

In humans, three genes have been identified that encode DNA ligases: DNA ligase I 

(Lig1), DNA ligase III (Lig3) and DNA ligase IV (Lig4)
408

. However, alternative splicing 

of the gene encoding Lig3 leads to a nuclear and mitochondrial form of the protein, Lig3α 

and Lig3β, respectively
87

. The domain structure of the nuclear DNA ligases is shown in 

Figure 4.1. All of these DNA ligases have been implicated in the DNA damage response, 

where they act in the final step in many repair pathways. 

Mammalian DNA Ligase I was first identified as the major contributor to the DNA 

ligation activity of calf thymus extracts, and is found to be induced in proliferating 

cells
409,410

. This latter observation implied a role for Lig1 in DNA replication, and Lig1 

was subsequently identified to be recruited to replication forks via an interaction with 

PCNA
411,412

. Cells encoding a mutant form of Lig1 displayed defective Okazaki fragment 

joining, which was then shown to be dependent on the interaction of Lig1 and PNCA
413,414

. 

Despite strong evidence implicating Lig1 in DNA replication, experiments designed to 

assess the involvement of Lig1 in DNA repair have yielded mixed results. Early reports 

implicated mutant forms of Lig1 as the cause of Bloom’s syndrome (BS)
415

. Cells from 

patients with BS are found to suffer increased levels of chromosomal rearrangements and 

elevated sensitivity to genotoxic agents. However, Lig1 was found to be normal in BS  
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Figure 4.1 – Domain structures of the ATP-dependent nuclear ligases found in

humans and Dictyostelium. The known domain structures of the nuclear DNA ligases in

humans and Dictyostelium. In humans, the lig3 gene encodes two isoforms of Lig3: Lig3α

(nuclear) and Lig3β (mitochondrial). In addition to the three Dictyostelium DNA ligases

shown here, Dictyostelium also encodes an NAD+-dependent homolog of E. coli LigA.

Domain abbreviations: PARP-type zinc finger (zF-P).
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cells, although patients with a similar phenotype and Lig1 mutations have been 

observed
416–418

. Lig1 has been purified alongside Polβ in a BER-complex, and is thought 

to act in long-patch BER
419,420

. Lig1 has also been used to reconstitute the NER pathway in 

vitro
233

. Cells harbouring a mutation in Lig1, derived from a patient with immune-

deficiency, displayed hypersensitivity to alkylating agents, UV irradiation, and IR
421

. 

However, more recent studies on the repair kinetics in these cells indicate a repair defect in 

response to UV light only
422

. Furthermore, Lig1 knock-out mice show deficiencies in 

DNA replication but not DNA repair
423

. These results indicate that there may be some 

redundancy or interplay between the mammalian DNA ligases. 

DNA ligase 3 (Lig3) was discovered after Lig1, and orthologs have been identified in  a 

smaller subset of species
424,425

. In humans, the lig3 gene encodes two isoforms of Lig3: 

Lig3α and Lig3β, which localise to the nucleus and mitochondria, respectively
87,89,426

. 

Deletion of the lig3 gene is lethal, but it has been demonstrated that this lethality stems 

from a requirement for Lig3β in mitochondria, and that the nuclear form of the protein is 

dispensable
89

. Lig3β is the only DNA ligase found in mitochondria, which is believed to 

be the reason for its necessity. Interestingly, depletion of both forms of Lig3 can be 

rescued by expression of the NAD
+
-dependent E.coli LigA

88
. Lig3α is found in a 

heterodimer with XRCC1, via an interaction mediated by the BRCT domain of 

Lig3α
69,427,428

. In the widely accepted model of SSBR, the XRCC1-Lig3α complex is 

recruited to SSBs via an XRCC1-mediated interaction with auto-PARylated ARTD1, and 

Lig3α is implicated in performing the final ligation step in SSBR
34,429

. However, a direct 

interaction with PAR polymers and autoPARylated ARTD1 in vitro has been observed. 

Lig3α contains a PAR-binding motif (PBM) in the vicinity of its zinc finger motif (aa: 12-

34); however, the binding to PAR and ARTD1 is independent of this region
238,244

. 

Furthermore, the zinc finger motif was identified as being similar to that found in ARTD1 



 

116 

(PARP-type), and has been shown to be a DNA nick sensor
68

. Recently, a PARP-

independent model of Lig3α recruitment to DNA SSBs has been proposed, and is 

supported by data showing residual enrichment of Lig3α at SSBs in the absence of 

XRCC1
86

. In addition to functioning in SSBR, Lig3α has been implicated in alt-NHEJ, a 

DSBR pathway promoted by ARTD1 and normally supressed by Ku
189,430,431

. In this 

pathway, Lig3α is able to act independently of XRCC1
171

. Functioning in this pathway, 

Lig3α has been strongly implicated in mediating end-joining events at telomeres. 

However, despite its role in DNA repair, cells lacking Lig3α do not display enhanced 

sensitivity to SSB- or DSB-inducing agents, clearly indicating redundancy between the 

mammalian DNA ligases
88,89

. 

In addition to containing lig1 and lig3 genes, the human genome encodes for another DNA 

ligase, Lig4. The homology of the active site of Lig4 to Lig1 was utilised to identify and 

subsequently purify Lig4, but it was quickly discovered to possess different in vitro 

substrate specificity to Lig1 and Lig3α
425,432

. It was found that Lig4 associates with 

XRCC4, a scaffold protein functioning in NHEJ, thereby implicating it in the repair of 

DSBs via this pathway. The interaction of these two proteins is mediated by the tandem 

BRCT domains of Lig4
433,434

. This association is analogous to the association of Lig3α and 

XRCC1 in BER and NER
235,429

. Cells depleted or encoding mutant forms of Lig4 display 

sensitivity to ionising radiation and impaired V(D)J recombination, a process for which 

NHEJ is required
435–437

. The action of Lig4 in these pathways cannot be compensated for 

by either Lig1 or Lig3, and Lig4 knock-out mice are found to be lethal, highlighting the 

lack of redundancy of this DNA ligase
438,439

.  
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4.1.2. Dictyostelium DNA ligases 

The Dictyostelium genome contains genes for four DNA ligases. These have been 

identified by homology to be orthologs of eukaryotic DNA ligase I (Lig1), nuclear DNA 

ligase III (Lig3), DNA ligase IV (Lig4), and also a homolog of a bacterial NAD
+
-

dependent DNA Ligase (LigA)
321,440

. As previously introduced, E. coli LigA has been 

shown to complement the depletion of the essential human mitochondrial DNA ligase 

Lig3β
88

. Therefore, it would be reasonable to hypothesise that Dictyostelium LigA may be 

localised to and function in mitochondria; however, as yet there is no experimental 

evidence to support this. Making this assumption, this leaves three ATP-dependent, 

nuclear DNA ligases in Dictyostelium, in agreement with situation found in human cells 

(Figure 4.1). However, despite the recent study of Dictyostelium DNA repair, particularly 

NHEJ, the specific role of any of these DNA ligases in the DDR of this organism has not 

yet been established
441

. 

As is clear from the domain structure diagrams of the human and Dictyostelium DNA 

ligases (Figure 4.1), there is a notable difference in domain structure between human 

Lig3α and Dictyostelium Lig3, while the domains present in Lig1 and Lig4 are the same in 

both organisms. In addition to the shared ATP-dependent ligase domain, human Lig3α 

contains a BRCT domain and a PARP-type zinc finger. In contrast, the Dictyostelium 

ortholog contains two BRCT domains and the macro domain revealed by our in silico 

investigation. As Lig3 has not yet been characterised, the function of the BRCT domains 

has not yet been ascertained; however, it would be surprising if at least one of them did not 

mediate an interaction with XRCC1, as is the case in the human DDR.  
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4.1.3. Aims 

The aim of this chapter is to identify the role of the newly discovered macro domain of 

Dictyostelium Lig3 in DNA repair.  No human DNA ligases contain a macro domain, so 

the presence of one in Dictyostelium Lig3 might suggest a novel interaction of this protein 

to support its function in the DDR. The macro domain of Lig3 bears strongest homology to 

that of human ALC1. In ALC1, the macro domain is required for the recruitment of the 

protein to DNA lesions, and this is abrogated by the D723A mutation
250

. Therefore, one 

might hypothesise that the macro domain in Lig3 is responsible for its localisation to DNA 

lesions. There is no Dictyostelium protein currently annotated with the same domain 

structure of human ALC1, and the presence of the macro domain in Lig3 may indicate a 

further example of domain shuffling, previously observed with the PBZ domain of human 

APLF and Dictyostelium Ku70
360

.  In this chapter, we will test this hypothesis, and also 

assess the role of Lig3 in Dictyostelium DNA repair in general. 

4.2. Results 

4.2.1. The macro domain of Dictyostelium Lig3 binds to PAR in vitro 

We identified Lig3 as a putative PAR-binding protein through a novel macro domain in its 

central region. Homology searches with BLAST revealed that this macro domain is most 

similar to the PAR-binding macro domain found in human ALC1, a chromatin-

remodelling helicase involved in DNA repair
250

. However, the PAR-binding nature of the 

macro domain in Lig3 is not known, as members of the macro domain superfamily bind to 

a variety of ligands
246

. Therefore, we first wanted to determine whether or not this macro 

domain does bind to PAR, and if it does, if we could identify any amino acids within the 

domain that can be mutated to abrogate this binding. As the macro domain is central to 
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Lig3, introducing point mutations is the most practical way of stopping the domain from 

functioning in future experiments.  

We decided to investigate the PAR-binding ability of the macro domain of Lig3 in an in 

vitro assay, as this would allow us to focus solely on Lig3 and avoid the associated 

technical difficulties with investigating in vivo PARylation. To do this, we purified a GST-

tagged form of the macro domain of Lig3 (Figure 4.2A). Primers were designed to amplify 

the macro domain of Lig3 from Ax2 cDNA by PCR, with suitable restriction sites added 

(BamHI and XhoI) so as to allow for ligation of the macro domain sequence into the 

pGEX-4T-2 vector, a bacterial expression vector for proteins with an N-terminal GST-tag. 

The resulting pGEX-4T-2-Lig3-MACRO vector (Figure 4.2B) was verified by Sanger 

sequencing and confirmed to be mutation-free. The pGEX-4T-2-Lig3-MACRO vector was 

transformed into E. coli BL21(DE3) cells by standard procedures, and expression of the 

protein was induced by addition of 0.1 mM IPTG to the nutrient broth. GST-tagged 

proteins were purified by standard GST purification procedures, and the purity of the 

extracts at each stage was monitored SDS-PAGE and Coomassie staining (Figure 4.2C). 

The predicted molecular weight of the macro domain and GST-tag is 45 kDa, matching the 

highlighted band in the eluted fractions, the concentration of which was subsequently 

quantified by comparison with BSA standards (data not shown). 

We assessed the in vitro PAR-binding ability of the macro domain of Lig3 by dot-blotting 

increasing concentrations of GST-Lig3-MACRO onto a nitrocellulose membrane. 

Alongside the GST-Lig3-MACRO peptide, we also included GST alone as a negative 

control, and GST-Ku70-C, which is the C-terminus region of Dictyostelium Ku70. This 

region of Ku70 contains a PBZ domain known to bind to PAR chains, and therefore served 

as our positive control
360

. Following addition of the peptides, the membrane was incubated 

with synthesised PAR polymers, prior to washing and incubation with an anti-PAR  
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Figure 4.2 – The macro domain of Dictyostelium Lig3 binds PAR in vitro. A: Domain

structure of the GST-tagged Lig3 macro domain construct. B: Plasmid map of the pGEX-

4T-2-Lig3-MACRO vector, containing the macro domain sequence from Lig3 (Lig3-MD).

Transformation of this vector into BL21(DE3) E. coli and subsequent IPTG-induction

leads to expression of N-terminally GST-tagged macro domain of Lig3. Restriction sites

used for cloning, BamHI (B) and XhoI (X), are shown. C: Purification of GST-Lig3-

MACRO protein (44 kDa) by GST purification. Abbreviations: uninduced (UN), induced

(IN), pellet (PT), supernatant (SP), flow-through (FT). D: In vitro assessment of the PAR-

binding ability of the GST-Lig3-MACRO peptide. Increasing concentrations of GST and

GST-Lig3-MACRO were dot-blotted onto nitrocellulose membrane, and incubated with

PAR-polymers. The amount of bound PAR was assessed by Western blotting with an anti-

PAR antibody. The C-terminus, PBZ domain-containing region of Dictyostelium Ku70

(GST-Ku70-C), was included as a positive control. Experiments in this figure were

performed by Peggy Paschke.
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antibody. This assay indicated that the macro domain of Lig3 does indeed bind to PAR, 

albeit not as strongly as the PBZ domain of Ku70 (Figure 4.2D). This further verifies our 

in silico screen, and also the parallels between the macro domain Lig3 and that found in 

human ALC1. 

4.2.2. Lig3 is enriched on chromatin in response to base methylation 

While it is well known that DNA Ligase III is involved in DNA repair in humans, it has 

not yet been studied in Dictyostelium. Therefore, to characterise the function of the macro 

domain of Dictyostelium Lig3, we must first identify the role of Lig3 in the DDR of this 

organism. We hypothesised that the macro domain found in Lig3 performs a similar 

function to that of human ALC1, which is required for the recruitment of ALC1 to DNA 

lesions in a PAR-dependent manner
250

. We have so far shown that the macro domain of 

ALC1 binds to PAR in vitro, but we have not yet assessed its function in vivo. Human 

Lig3α has been found to function in the SSBR pathway
429

. Therefore, we decided to 

investigate the enrichment of Lig3 to chromatin following MMS treatment. If Lig3 is 

involved in SSBR, enrichment of this protein on chromatin following induced damage 

should be observed, despite potential redundancy with Lig1. In Dictyostelium, the macro 

domain may be required for the recruitment or stability of Lig3 at DNA lesions, and 

mutating it may negatively affect the kinetics of the enrichment. 

As no antibody is currently raised against Dictyostelium Lig3, and there is insufficient 

sequence homology between the Dictyostelium and human proteins to use an antibody 

against the human protein, we chose to express an N-terminally Myc-tagged form of Lig3 

in cells (shown in Figure 4.3A). To generate this, we amplified the Lig3 coding DNA 

sequence from Ax2 cDNA by PCR, with an attached Myc-tag and compatible restriction 

sites, and ligated this construct into an empty pDXA-3C vector. The map of this pDXA- 
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Figure 4.3 – Generation of a Myc-Lig3 Dictyostelium overexpression vector. A:

Domain structure of the N-terminally Myc-tagged Lig3, which will be expressed in

Dictyostelium cells. B: Map of the pDXA-3C-Myc-Lig3 Dictyostelium overexpression

vector. The coding sequence for Lig3 was amplified from Ax2 cDNA by PCR, with

primers to incorporate an N-terminal Myc-tag, and ligated into the empty pDXA-3C

vector, using the KpnI (K) and XhoI (X) restriction sites. In this vector, Myc-Lig3 is

placed under the transcriptional control of an Actin15 promotor (pAct15), and is highly

expressed in vivo. Also indicated are the HindIII (H) restriction sites used for verification.

C: Verification of the pDXA-3C-Myc-Lig3 vector by restriction digestion. Restriction

enzymes used and expected fragments are shown in the table. D: Ax2 cells were

transfected with empty pDXA-3C vector (EV) or pDXA-3C-Myc-Lig3 (L3) using standard
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3C-Myc-Lig3 vector and restriction sites used are shown in Figure 4.3B. The pDXA-3C 

vector places the transcription of Myc-Lig3 under the control of an Actin15 promoter, 

which is highly expressed, and also encodes a gene for resistance to the antibiotic G418, 

for selection purposes. The cDNA sequence of Lig3 was analysed by Sanger sequencing to 

ensure that it carried no point mutations, and the pDXA-3C-Myc-Lig3 vector was verified 

by restriction digestion (Figure 4.3C).  

Once the pDXA-3C-Myc-Lig3 vector was completely verified, it was transfected into Ax2 

Dictyostelium strains by standard procedures, and the expression level of Myc-Lig3 was 

verified by Western blotting (Figure 4.3D). We then exposed Myc-Lig3 expressing cells to 

5 mM MMS for up to 90 minutes. After treatment, the chromatin from these cells was 

extracted and analysed by SDS-PAGE and Western blotting. The chromatin extracts 

indicated an enrichment of Myc-Lig3 on chromatin over the course of the experiment, 

which implicates Dictyostelium Lig3 in the BER/SSBR pathway (Figure 4.4).  

4.2.3. Vegetative lig3
-
 cells do not display a defect in DNA SSBR 

We have now shown that Dictyostelium Lig3 is enriched on chromatin following the 

induction of base alkylation, implicating Lig3 in the repair of DNA SSBs in this organism. 

However, we have not yet assessed the necessity of Lig3 for the survival of induced DNA 

damage. Human Lig3α has been found to act in a redundant manner with Lig1 in both 

SSBR and alt-NHEJ, and its depletion does not lead to a survival defect following DNA 

damage
88,179,442,443

. However, the redundancy of the DNA ligases in Dictyostelium has not 

been investigated, and the macro domain may have brought additional functionality and 

necessity to Lig3.  

To address this question, we generated a Dictyostelium lig3
-
 strain. We devised a strategy 

of targeted homologous recombination to disrupt the lig3 gene after its first 49 nucleotides,  
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thereby preventing transcription of the vast majority of the gene (Figure 4.5A).  Each of 

the indicated homologous arms was amplified by PCR with the primers shown, and ligated 

into an empty pLPBLP vector with the indicated restriction sites. The pLPBLP vector 

contains a cassette encoding a gene for resistance to blasticidin, an antibiotic toxic to Ax2 

cells. The two homologous arms were ligated either side of this blasticidin resistance (bsr) 

cassette, to form the pLPBLP-Lig3 disruption vector (Figure 4.5B). The arms were ligated 

in a reversed manner due to the availability of restriction sites at the lig3 genomic locus, 

which does not affect the function of the cassette in any way. The homologous arms were 

analysed by Sanger sequencing to check for mutations, and the final pLPBLP-Lig3 vector 

was verified by restriction digestion to ensure it was correctly formed (Figure 4.5C). Prior 

to transfection into Dictyostelium Ax2 cells, the disruption construct was excised from the 

plasmid by BamHI/PvuI double digestion, and gel purified (Figure 4.5D). This strategy 

deletes the N-terminal ligase domain from the genome, but leaves the macro and BRCT 

domains of Lig3. However, these domains should not be transcribed due to the presence of 

the bsr cassette, which additionally contains stop codons in all possible reading frames. 

Ax2 cells were transfected with the Lig3 disruption construct using standard procedures, 

and cell growth in blasticidin was observed after two weeks. The intended recombination 

event following transfection is shown in Figure 4.6A; however, a random integration of the 

construct would also yield resistance to blasticidin. Therefore, we employed a screening 

strategy to identify lig3
-
 cells. Firstly, we extracted genomic DNA from potential lig3

-

clones and performed PCR verification. In addition to the positive control for DNA 

content (primers EX1L and EX1R, in the exo1 gene), we chose primer combinations 

internal to the deleted region of the lig3 gene, and spanning from inside the BSR cassette 

to a primer external to the region of homologous recombination (shown in Figure 4.6A). 

These latter primer combinations are unique to a successful disruption of lig3. The results  
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Figure 4.5 – Strategy for disruption of the lig3 gene by targeted homologous
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Dictyostelium cells, indicating the location of the homologous arms to be used for

disruption of the lig3 gene by targeted homologous recombination. Location of the primers
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pLPBLP vector, either side of a cassette encoding blasticidin resistance (BSR; blasticidin

is an antibiotic toxic to the Ax2 strain). The restriction sites used for this, and verification

of the plasmid, are shown (BamHI (B), PvuI (P)). The structure of the blasticidin

resistance cassette is shown, containing the bsr gene, Actin6 promoter (P) and terminator

(T). LoxP sites for excision of the cassette by Cre recombinase are also indicated. C:

Verification of the pLPBLP-Lig3 strain by restriction digestion with BamHI and PvuI,

simultaneously (B/P). Expected fragments are shown in the table, with the asterisk

marking the fragment containing the homologous arms. D: Final construct for the

disruption of the lig3 gene in Ax2 cells, obtained through restriction digestion of pLPBLP-
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Figure 4.6 – Generation and verification of lig3- Dictyostelium strains. A:

Representation of the intended recombination event to generate lig3 disruption strains

(lig3-) by integration of a cassette encoding resistance to blasticidin (BSR). Also indicated

are the primers subsequently used for verification of the lig3- strains by PCR, and the

EcoRV (E) restriction sites and probe location for verification by Southern blotting. B: The

domain map of Lig3, indicating the domains deleted in successful lig3- strains. Stop

codons present in the BSR cassette prevent transcription of the C-terminal region of the

gene. C: Verification of three putative lig3- strains by PCR, using the primers indicated in

A. Primer combinations and expected products are shown in the table. D: Further

verification of lig3- strains by Southern blotting. Genomic DNA was extracted from these

strains and digested with EcoRV (E), at the sites shown in A. A probe was chosen so as to

generate a detectable size-shift following digestion (A), with fragment sizes shown in the

table.
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of the PCR screen indicated three lig3
-
 clones (Figure 4.6B). This was supported by 

Southern blot analysis of the same genomic DNA preparations (Figure 4.6C). These data 

indicate that we have successfully disrupted the lig3 gene in three independent clones.  

Firstly, we investigated the sensitivity of these lig3
- 

clones to base methylation, which 

requires the BER/SSBR pathway for its resolution. In humans, Lig3α has been shown to 

function in this pathway
429

. Therefore, we exposed Ax2 cells and the three independent 

lig3
-
 clones to a range of MMS concentrations and investigated their survival following 

this treatment by assessing post-treatment plaque growth on agar. This assay showed that 

there is no survival defect of the lig3
- 
cells to MMS compared to Ax2 cells, and potentially 

a slight resistance at higher doses (Figure 4.7). This was not completely unexpected as the 

same phenotype is observed in mammalian cells depleted of Lig3, due to the ability of 

Lig1 to substitute for Lig3 in SSBR
419

.  

4.2.4. Absence of Lig3 does not sensitise DSBR-defective cells to DSBs 

In addition to its role in SSBR, we also wanted to investigate the role of Dictyostelium 

Lig3 in DSBR. Lig3 is implicated in alt-NHEJ, a DSBR pathway thought to function in the 

absence of NHEJ or HR (depending on cell-cycle phase)
169,177

.  Therefore, the sensitivity 

of cells following loss of Lig3 to induced DSBs was assessed. Firstly, we considered the 

survival of lig3
-
 cells to DSBs. The depletion of Lig3α in human cells does not result in a 

survival deficiency to induced DSBs, as NHEJ and HR are able to resolve the induced 

breaks, and we wished to see if this is true in Dictyostelium.  Therefore, we performed the 

same plaque growth survival assay as before, except we treated Ax2 and lig3
-
 cells with 

phleomycin instead of MMS, to induce DSBs. In addition to these strains, we also assessed 

the sensitivity of dnapkcs
-
 and lig3

-
dnapkcs

-
 cells to DSBs (the lig3

-
dnapkcs

-
 strain was 

generated by Lena Kolb). In vegetative Dictyostelium cells, NHEJ appears dispensable  
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Figure 4.7 – Vegetative lig3- Dictyostelium cells are not sensitive to MMS-induced

DNA damage. Ax2 and three lig3- strains were exposed to the indicated concentrations of

MMS for 1 hour, before washing and plating onto SM agar. Survival was assessed by

plaque growth after 3-6 days, relative to an untreated control. The error bars represent the

standard error of three independent experiments. D50 toxicity values are provided in the

table, with standard errors (SE). P-values are calculated with respect to the bracketed

strain.

Strain D50 (mM) SE P-value (Ax2)

Ax2 21.4 0.77 N/A

lig3--A 24.3 1.12 0.10

lig3--B 27.9 2.79 0.15

lig3--C 26.1 1.84 0.10
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when considering survival, and it is known that vegetative dnapkcs
-
 cells are not 

hypersensitive to DSBs compared to Ax2
358

. The reason for this is hypothesised to be due 

to the reliance of Dictyostelium cells in vegetative culture on HR, an idea which is 

supported by the high percentage of the population in G2 phase of the cell cycle
330

. 

However, the role of alt-NHEJ in the survival of vegetative Dictyostelium cells has not 

been elucidated, and this pathway may also compensate for the deficiency in NHEJ in 

dnapkcs
-
 cells. As predicted, the HR-defective exo1

-
 cells included as a positive control 

displayed increased sensitivity to DSBs in this assay; however, lig3
-
 cells do not when 

compared to Ax2 cells, indicating that Lig3 is not required for survival of induced-DSBs in 

this genetic background (Figure 4.8A). Furthermore, the lig3
-
dnapkcs

-
 strains do not 

display increased sensitivity to phleomycin-induced DSBs compared to either Ax2 or 

dnapkcs
-
 cells. These data either assign HR an even stronger function in resolving DSBs in 

Dictyostelium vegetative cells, or highlights the redundancy of Lig1 and Lig3 in alt-NHEJ.  

These experiments only consider the role of Lig3 in the repair of DSBs in genetic 

backgrounds of Ax2 cells or dnapkcs
-
 cells, which both display the same level survival 

following treatment with DSB-inducing agents in vegetative culture. Alt-NHEJ was 

discovered as a back-up DSBR pathway, and therefore should be studied in genetic 

backgrounds in which the primary DSBR pathways of the cell are compromised
106,107

. In 

vegetative Dictyostelium cells, there is a strong reliance on HR for DSBR. Although alt-

NHEJ was originally believed to be a back-up pathway for classical NHEJ,  it has recently 

been discovered that this pathway functions in the absence of HR in mammalian cells
177

. 

Therefore, we hypothesised that disruption of lig3 in a HR-deficient strain may lead to 

further sensitisation of vegetative Dictyostelium cells to DSBs. To address this, we created 

a lig3
-
exo1

-
 strain to assess the contribution of alt-NHEJ to DSBR in a HR-deficient 

background (strain generated by Lena Kolb).  We then exposed vegetative lig3
-
exo1

- 
cells  
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Figure 4.8 – Vegetative lig3- Dictyostelium cells are not sensitive to DSBs in NHEJ- or

HR-defective backgrounds. The indicated strains were exposed to various concentrations

of phleomycin for 1 hour, before washing and plating on SM agar plates. Survival was

assessed by observing plaque formation after 3-7 days, relative to mock-treated controls.

A: The survival of lig3- cells and lig3-dnapkcs- were compared to Ax2 and NHEJ-defective

dnapkcs- cells, respectively, while HR-defective exo1- cells were included as a positive

control. B: The survival of lig3-exo1- cells was compared to that of the HR-defective exo1-

cells. C: The effect on survival of the disruption of Lig3 in the HR- and NHEJ-defective

exo1-dnapkcs- strain. The error bars represent the standard error of three independent

experiments. D50 toxicity values with standard errors (SE) are provided in the table. P-

values are calculated with respect to the bracketed strain. The lig3-dnapkcs-, lig3-exo1-,

exo1-dnapkcs- and lig3-exo1-dnapkcs- strains were generated by Lena Kolb.
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to phleomycin in a plaque-forming survival assay. However, the absence of Lig3 did not 

further sensitise exo1
-
 cells to DSBs (Figure 4.8B). This indicates that Lig3 is not required 

in the absence of exo1
-
 for survival of DSBs, and therefore, it is still not clear which DSBR 

pathway is responsible for resolving DSBs in exo1
-
 cells. It is known that NHEJ factors are 

enriched on chromatin following DSBs in vegetative cells, so that pathway does appear to 

be active
360

. To address the role of NHEJ in DSBR in exo1
-
 cells, we generated an exo1

-

dnapkcs
-
 strain and a lig3

-
exo1

-
dnapkcs

-
 strain (both generated by Lena Kolb). The latter 

strain will assess the role of Lig3 in a NHEJ- and HR-defective background, where alt-

NHEJ is believed to be the only active DNA DSB repair pathway. These strains were 

assessed by plaque formation after phleomycin exposure, along with the single-mutant 

strains. However, both the exo1
-
dnapkcs

-
 and lig3

-
exo1

-
dnapkcs

-
 cells do not display 

elevated sensitivity to DSBs compared to exo1
-
 strains (Figure 4.8C). These data indicate 

that NHEJ does not contribute to the survival of vegetative Dictyostelium cells following 

exposure to DSBs, and Lig3 is also dispensable in the absence of HR and NHEJ.  

The majority of vegetative Dictyostelium cells are in G2-phase of the cell cycle; however, 

in mammalian cells, alt-NHEJ has been shown to function in the absence of HR in S-phase 

cells. Therefore, the defect associated with Lig3 deletion may only be uncovered upon 

encountering S-phase associated damage. In order to probe the Dictyostelium DDR in S-

phase, we chose to incubate cells with a low dose of MMS for 4 hours. In this system, in 

addition to more cells passing through S-phase and suffering DNA damage, unrepaired 

lesions inflicted in other cell-cycle phases may also be carried into S-phase and act as 

blocks to replication forks
444

. It has been shown that these MMS-induced, replication-

associated DSBs are dependent on HR for repair, making this system suitable for our 

purpose
445

. Therefore, we exposed lig3
-
exo1

-
 cells to this MMS treatment and assessed 

survival by plaque formation. Again, lig3
-
exo1

-
 cells were no more sensitive to this 
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treatment than exo1
-
 cells; however, the increased sensitivity of exo1

-
 cells indicates repair 

by HR is occurring in Ax2 cells in these conditions (Figure 4.9). Collectively, these data 

indicate that Lig3 is not required for DSBR in vegetative cells deficient in NHEJ, HR or 

both pathways.  

4.3. Discussion 

In this chapter, we have shown that the macro domain of Dictyostelium Lig3 binds to PAR 

chains in vitro. This implicates PARylation directly in the role of Lig3 in this organism. In 

humans, Lig3α has been shown to interact with PAR chains, and auto-PARylated ARTD1, 

in vitro; however the dependency of this binding on a particular domain has not been fully 

established
244

. Additionally, Lig3 homologs in other organisms have been found to contain 

macro domains (Naegleria gruberi - amoeba-flagellate) or PBZ domains 

(Strongylocentrotus purpuratus – sea urchin), in a parallel study that also identified the 

macro domain in Dictyostelium Lig3
400

. However, the binding characteristics of these 

domains have not been experimentally analysed. Regardless, the presence of these 

domains is suggestive that a direct mode of binding of Lig3 to PAR chains is present in a 

variety of organisms. PARylation plays an important role in all of the pathways in which 

Lig3 has been implicated. In SSBR, ARTD1 (or ARTD2) acts as a sensor protein for DNA 

lesions
446

. Upon detection and activation, ARTD1 auto-PARylates itself and PARylates 

proteins proximal to the lesion, leading to the recruitment of the XRCC1-Lig3 

heterodimer
68

. In this model of SSBR, recruitment of Lig3 requires XRCC1, and direct 

interactions of Lig3 with PARylated ARTD1 are not implicated. An alternative model of 

SSBR, in which Lig3 acts as the sensor of DNA nicks and is recruited first, has been 

proposed
86

. This model is PARylation-independent, requiring instead the PARP-type zinc 

finger found at the N-terminus of human Lig3. Dictyostelium Lig3, like the Drosophila  
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Figure 4.9 – Deletion of lig3 does not further sensitise exo1- cells to DNA damage in S-

phase. A: The indicated strains were exposed to various concentrations of MMS for 4

hours, before washing and plating out on SM agar. Survival was assessed by observing

plaque formation after 3-7 days, relative to an untreated control. The error bars represent

the standard error from three independent experiments. D50 toxicity values with standard

errors are shown in the table. P-values are calculated with respect to the bracketed strain.

The lig3-exo1- strain was generated by Lena Kolb.

Strain D50 (mM) SE P-value (Ax2) P-value (exo1-)

Ax2 5.60 0.69 N/A N/A

lig3- 4.46 0.32 0.23 N/A

exo1- 1.73 0.08 0.03 (*) N/A

lig3-exo1- 1.49 0.18 N/A 0.32
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melanogaster homolog, lacks this zinc finger domain, and so this mode of recruitment to 

DNA nicks appears to not be conserved in these organisms
400

. However, the PAR-binding 

macro domain of Lig3 in Dictyostelium may bind to auto-PARylated Adprt2, the 

Dictyostelium ortholog of ARTD1, and this interaction could serve to recruit or stabilise 

Lig3 on damaged chromatin
360

. This model would indicate a much stronger reliance of the 

function of Lig3 on PARylation.  We have directly observed the enrichment of Lig3 on 

chromatin following induction of DNA base methylation, implicating the Dictyostelium 

protein in SSBR. However, we have yet to assess the dependence of PARylation on this, or 

the macro domain. Using a sequence alignment of the macro domain of Lig3 with that of 

human ALC1, we have predicted several amino acids that may be necessary for the PAR-

binding behaviour of the domain, but they have yet to be assessed in vitro. Abrogation of 

PAR-binding by point mutation is a much more desirable approach to deletion of the 

macro domain region of Lig3, or deletion of Dictyostelium ARTs, and so assessing the 

effect of these mutations will be important in establishing the function of the macro 

domain in vivo.  

We also assessed whether Dictyostelium lig3
-
 cells display a survival defect following 

treatment with a base-alkylating agent, and found that they did not. In fact, all three lig3
-
 

strains displayed a slight, but significant, resistance to this genotoxic agent at high doses. 

The lack of sensitivity of Lig3-depleted strains has been observed in other organisms, 

including human cells
88

. In these organisms, it is thought that Lig1 is able to act in a 

redundant manner with Lig3. Both Lig1 and human LigIIIα have been shown to function 

in BER, in the long- and short-patch variants, respectively
442,443

. However, Lig1 can 

function in short-patch repair in vitro
419

. We hypothesise that this redundancy also exists in 

Dictyostelium, thereby allowing cells to repair the damage induced by base alkylation in a 

Lig3-independent manner. Depletion of both Lig1 and Lig3 is lethal; however, it would be 
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interesting to observe the role of Lig3 in a lig1
-
 background. Lig1 is thought to be recruited 

to SSBs though a protein-protein interaction with PCNA, and is not currently associated 

with PARylation
84

. In a lig1
-
 background, it would be hypothesised that SSBR would 

display an even stronger, non-redundant, reliance on Lig3, and potentially its PAR-binding 

macro domain. Therefore, an alternative approach to studying the role of Lig3 in 

Dictyostelium would be to first delete lig1, and then perform knockdown or conditional 

knockout of Lig3. This approach would be combined with expressing macro domain 

mutant forms of Lig3 in the lig1
-
 background to specifically assess the role of that domain 

in the function of Lig3.    

We have also assessed the role of Lig3 in alt-NHEJ, another DNA repair pathway 

dependent on ADP-ribosylation in humans. In this pathway, ARTD1 detects the DSB and 

directly competes with the Ku heterodimer
189

. In this manner, Ku promotes NHEJ and 

suppresses alt-NHEJ in normal circumstances, while ARTD1 promotes alt-NHEJ. The 

molecular mechanism of alt-NHEJ is yet to be fully understood, and it is not currently 

clear if it operates as a single pathway or as multiple sub-pathways
180

. However, one might 

hypothesise that auto-PARylated ARTD1 and Lig3 may interact in the early stages of this 

pathway. In vegetative Dictyostelium cells, we found that disruption of the lig3 gene did 

not elevate the sensitivity of Ax2 cells to DSBs. As alt-NHEJ is observed to be important 

for survival in the absence of NHEJ or HR, the lack of a sensitivity of lig3
-
 cells alone is 

not surprising. It is known that vegetative Dictyostelium cells do not require functional 

NHEJ to survive DSBs, and cells that are HR-defective display hypersensitivity to DSB-

inducing agents
351

. However, it was not known to what degree alt-NHEJ plays a role in the 

tolerance of DSBs in a NHEJ-deficient background. Similarly, it was not known which 

DSBR pathway was responsible for the survival of cells in the HR-defective, exo1
-
 strain, 

following exposure to DSB-inducing agents. Our experiments with lig3
-
dnapkcs

-
 and lig3

-
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exo1
-
 cells show no elevated sensitivity compared to the dnapkcs

-
 and exo1

-
 cells, 

respectively. Therefore, Lig3 is not implicated in the survival of these strains to DSBs; 

however, we are unable to rule out alt-NHEJ due to the known redundancy between human 

Lig1 and Lig3α in this pathway
171,179,447

. A model has been proposed in which Lig1 and 

Lig3α act in different pathways of alt-NHEJ, with Lig3α ligating DSBs with the use of 

microhomologies; however, they may also act in a redundant manner in a single 

pathway
180

.  The assessment of the survival of cells performed here does not distinguish 

between these two models. Furthermore, the same lack of additional sensitivity of lig3
-

exo1
-
 was observed when inducing S-phase-associated DNA damage. Interestingly, exo1

-

dnapkcs
-
 cells were no more sensitive to DSBs than exo1

-
 cells, indicating that NHEJ does 

not act as a backup DSBR pathway in this genetic context.  

Overall, these data can be explained by three possible theories. In the first, Lig3 is not 

active in alt-NHEJ, and so its mutation is irrelevant for DSBR. We have not yet assessed 

the enrichment of Lig3 on chromatin following the induction of DSBs in any genetic 

background, so this remains a possibility, although the volume of literature on Lig3 

functioning in alt-NHEJ and the generally high level of conservation of Dictyostelium 

DNA repair proteins makes this unlikely
171,179,321,441

. Secondly, the function of Lig3 is 

completely redundant with that of Lig1 in this context, thereby leaving alt-NHEJ fully 

functional in lig3
-
 cells. This redundancy is observed in other organisms, as previously 

described, and is the most plausible of the three theories presented here. However, it has 

been shown in DT40 cells that deletion of Lig3 does result in slower kinetics of DSBR
179

. 

We have not yet assessed repair rates in our lig3
-
 strains. The final possible model would 

be residual HR accounting for the survival of exo1
-
 cells to DSBs. Exo1 may function in a 

redundant manner with other exonucleases, for example Dna2 or Mre11, and this may be 

sufficient for survival
448

. In Dictyostelium, deletion of most HR genes is results in loss of 
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viability, with exo1
-
 cells being an exception

347,358
. This would also be explained by the 

presence of redundant exonuclease activity, and suggests that it may be present.  This 

model would assign alt-NHEJ, and Lig3, a very low contribution to survival of DSBs, 

considering exo1
-
 cells themselves already display a substantial survival defect

351
.  

The lack of an observable survival phenotype of lig3
-
 cells in response to DSBs in any 

genetic background has posed an obstacle to assessing the role of Lig3 in alt-NHEJ in 

Dictyostelium, and we have not yet studied whether or not Lig3 is enriched on chromatin 

following DSBs. The only function for which Lig3 has been observed to act non-

redundantly is in mediating fusions of unprotected telomeres via the alt-NHEJ pathway; 

however, telomeres are poorly characterised in Dictyostelium
174,327

. Therefore, we have not 

been able to characterise the function of the macro domain of Lig3 in vivo. In addition to 

showing that this macro domain binds to PAR chains, we could expand our in vitro assays 

to assess any interaction between the macro domain of Lig3 and auto-modified Adprt2, 

which might further implicate Lig3 in either SSBR or alt-NHEJ. However, to uncover the 

in vivo function of Lig3, a system which allows simultaneous or conditional depletion of 

Lig1 may be required.  
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5. Initial characterisation of APL 

 

5.1. Introduction 

5.1.1. Aprataxin-like protein (APL) 

APL is a 563 amino acid protein with three currently annotated domains: an FHA domain, 

a PBZ domain (previously identified), and a circularly permuted macro domain
241

. All 

three of these domains, including the circularly permuted macro domain, which is 

predicted to retain the structure of an unpermuted domain, are potential PAR-binding 

domains. There is no human protein yet discovered to contain both a PBZ and a macro 

domain, which could suggest a novel mode of action for the protein if both domains are 

indeed functional. Multiple sequence alignments with the macro domain of APL show that 

it displays similarity to the first and second macro domains of those found in human 

ARTD8, a MART recently implicated in homologous recombination in response to 

replication-associated DSBs. The second macro domain of ARTD8 binds to MARylated 

proteins, and this may be true of the macro domain identified in APL
35

. Interestingly, the 

FHA domain of APL is found in three human DDR proteins: aprataxin (APTX), aprataxin 

and PNK-like factor (APLF), and polynucleotide phosphatase/kinase (PNKP). FHA 

domains are well-established mediators of phospho-specific protein-protein interactions, 

and the presence of this FHA domain in APL could implicate the protein in binding to the 

same DNA repair factors as APTX, APLF and PNKP
405

. The specific roles of these DDR 

proteins will be discussed below, in the context of them being the most closely related 

human proteins to APL, and may therefore provide an indication of its role in the DDR in 

Dictyostelium. 
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5.1.2. Potential human homologs of APL 

5.1.2.1. Aprataxin 

Aprataxin (APTX) in humans was first identified as a product of a gene that is mutated in 

the neurodegenerative condition ataxia-ocular apraxia 1 (AOA1)
449,450

. The role of APTX 

in the DDR was suggested by the discovery that it binds to XRCC1 and XRCC4, in vitro 

and in vivo, thereby linking it to both SSBR and NHEJ. This interaction occurs through its 

FHA domain. Assessment of the sensitivity of AOA1 positive or APTX-deficient cells to 

both DSB- and SSB-inducing agents have produced inconsistent results, and it is still not 

clear if loss of functional APTX results in a cellular survival defect following DNA 

damage
161,451

. It has since been shown that APTX encodes a nuclear and mitochondrial 

isoform, and that depletion of APTX results in mitochondrial dysfunction
452

. 

Since its initial placement in the DDR, the specific role of APTX has since been 

uncovered. Alongside its FHA domain, APTX also has a histidine triad (HIT) domain and 

a DNA-binding zinc finger (zf-C2H2 type) domain. In other proteins, the HIT domain has 

nucleotide hydrolysis and transferase functions
453

. The function of APTX has been shown 

to remove 5’-AMP groups from DNA ends, which are typically present following aborted 

ligation attempts, thereby classifying APTX as a DNA end-processing enzyme
74

. In 

addition to APTX, at least two other enzymes have been shown to be able to process 5’-

AMP ends in vitro, albeit with less subtlety than APTX. Polβ and FEN1 have both been 

shown to be able to compensate for APTX deficiency in SSBR, perhaps suggesting the 

reason for the lack of clear DNA damage sensitivity in APTX-deficient cells
81

.   

In contrast to APTX, APL has no HIT domain. However, its permuted macro domain may 

possess catalytic function, allthough no human macro domain has been shown to target 5’-

AMP groups. Dictyostelium has no clear homolog of APTX; however, there is one protein 
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with a HIT domain similar to that of APTX, albeit lacking an FHA domain (UniProt 

accession: Q558W0). Therefore, APL does not appear to be a direct homolog of APTX, 

although it may function in a complex with other proteins to achieve the same overall 

functionality.  

5.1.2.2. Polynucleotide kinase/phosphatase (PNKP) 

Early experiments indicated that PNKP had 5’-DNA kinase and 3’-phosphatase activity in 

vitro and that it acts to process 3’ DNA ends in vivo following SSBs
75,76

. PNKP has since 

been shown to act to remove 3’-phosphate groups and to phosphorylate 5’-hydroyl groups, 

thereby processing DNA ends to make them suitable for ligation. Interactions with the 

scaffold proteins XRCC1 and XRCC4 have been shown to be important for this end-

processing activity, in SSBR and NHEJ, respectively. As is true with APTX, phospho-

specific interactions of PNKP with XRCC1 and XRCC4 are mediated by the N-terminal 

FHA domain of PNKP
454,455

. More recently, mutations in PKNP have been linked with a 

neurodevelopmental disorder. Cells from patients diagnosed with this condition displayed 

slower kinetics of repair of SSBs and S-phase-induced DSBs, with some SSBs remaining 

unresolved at the conclusion of the experiment
406

. 

The only link between the domain structure of APL and that of PNKP is the N-terminal 

FHA domain, which binds to XRCC1 and XRCC4. APL has no annotated domains that 

would be predicted to process DNA ends, unless the macro domain has novel catalytic 

activity. Additionally, a putative Dictyostelium PNKP has been identified in silico; 

however, this protein does not contain the FHA domain required for targeting human 

PNKP to DNA lesions (UniProt accession: Q54U78). Furthermore, a role for PARylation 

in the end processing activity of PNKP has not been discovered. These data suggest that 

APL is unlikely to be a direct homolog of PNKP. 
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5.1.2.3. Aprataxin- and PNK-like factor (APLF) 

Aprataxin- and PNK-like factor (APLF) was identified as a putative DDR protein due to 

the similarity of its FHA domain to that of APTX and PNKP, which were known to bind to 

XRCC1 and XRCC4 in a phospho-specific manner. The same phospho-specific 

interactions were subsequently found to exist between APLF and both XRCC1 and 

XRCC4, in vitro and in vivo, thereby placing APLF in the DDR. It has also been 

demonstrated that APLF displays endo- and exonuclease activity on damaged DNA in 

vitro, although the domain-dependence of this activity is not clear
456

.  In vivo, APLF was 

observed to be recruited to sites of SSBs and DSBs, with the former being mediated 

partially by XRCC1. Phenotypically, depletion of APLF results in slower repair kinetics of 

SSBs and DSBs, and APLF deletion has also been reported to increase cellular sensitivity 

to these forms of DNA damage
162,457

. 

It was subsequently identified that the enrichment of APLF at DNA strand breaks was 

dependent on PARylation, through interactions mediated by the tandem PBZ domains of 

APLF
241

. In response to UVA laser damage, APLF enrichment on chromatin is strongly 

correlated with the activity of ARTD1
267

. APLF increases the stability of NHEJ proteins at 

DSBs, thereby accelerating the pathway. It does this in concert with ARTD3, which 

PARylates histone H1 variants and makes them targets for APLF binding
15

. Additionally, 

APLF was shown to directly bind to Ku80 in vivo, in a manner dependent on a specialised 

Ku-binding motif in APLF
151,458

. 

The domain structure of APLF more closely resembles that of APL. As is also true for 

APTX, the FHA of APLF also shows a strong level homology with that of APL, providing 

more weight to the argument that APL may function in SSBR or DSRB. Aside from its 

Ku-binding motif, which is absent in APL, APLF has tandem PAR-binding PBZ domains 
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that act together to increase the affinity of APLF to PAR chains
268

. However, it is not clear 

which domain of APL would possess nuclease activity. As no Dictyostelium APLF has 

been identified, it is possible that APL could perform the role of this protein, with a PAR-

binding macro domain substituting for the second PBZ domain of APLF. However, the 

existence of APLF in Dictyostelium would conflict with the current model of NHEJ in this 

organism, where stability of NHEJ factors at DNA DSBs in dependent on the C-terminal 

PBZ domain of Ku70
360

. 

5.1.3. Aims 

The first aim of this chapter is to identify if APL is a PAR-binding protein, and if so, 

through which domains that it binds to PAR chains. This will be assessed in vitro using 

purified proteins and commercially available PAR polymers. While this analysis will not 

shed any light on the cellular function of the protein, as PARylation is implicated in 

numerous cellular processes, it will serve to verify the in silico screen previously 

performed. Characterisation of the domain-dependence of any identified PAR-binding may 

provide insight into the mode of action of the protein, and may also indicate whether or not 

the macro domain is functional. 

Secondly, we will address the role of APL in the DDR. The reverse genetics approach 

adopted by this thesis means that APL could play any role in any DNA repair pathway, 

and so a range of genotoxic chemicals will be employed to activate a wide range of 

responses. We have chosen two experimental readouts for the initial characterisation of 

APL: sensitivity of apl
-
 cell lines and enrichment of APL on chromatin following exposure 

to various DNA damaging agents. A positive result in either of these assays will implicate 

APL in the response to DNA damage. This will allow for more thorough analysis of the 

function of APL in subsequent assays. 
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5.2. Results 

5.2.1. APL displays in vitro PAR-binding activity 

The putative DDR protein APL was identified in an in silico screen for proteins with novel 

PAR-binding domains. Therefore, the first stage of the functional analysis of this protein is 

to determine if APL indeed binds to PAR chains. Despite the loss of physiological 

relevance associated with in vitro assays, the turbulent nature of in vivo PARylation and 

lack of known stimulus leaves this type of assay as the most sensible option for a screen. A 

construct for the expression of APL was designed and ligated into the pGEX-4T-2 vector, 

a bacterial protein expression vector with an N-terminal GST-tag, using standard 

techniques (Figure 5.1A-B). The resulting plasmid was analysed by restriction digestion 

and Sanger sequencing to ensure that the vector was mutation-free (Figure 5.1C). Once 

transformed into E. coli, transcription from the vector leads to the expression of APL with 

an N-terminal GST-tag (GST-APL). The position of this tag was chosen so as to maximise 

its distance from the potentially PAR-binding macro domain, which will be examined in 

future assays. Purification of GST-APL provided a suitable yield, despite incomplete 

elution from the GST-beads (Figure 5.1D, beads not shown). Quantification by 

comparison with known BSA standards (Figure 5.1E) and by Bradford assay (data not 

shown) indicated a concentration of 0.53 mg/ml. 

To investigate the PAR-binding nature of APL in vitro, increasing concentrations of GST-

APL were slot-blotted onto nitrocellulose membrane. In addition to GST-APL, the same 

concentrations of two forms of the C-terminus of Dictyostelium Ku70 were slot-blotted in 

an identical manner for assay verification and comparison. These two forms were the 

endogenous C-terminus of Ku70, containing a PBZ domain known to bind PAR, and the 

C-terminus with this PBZ domain deleted (GST-Ku70C and GST-Ku70CΔPBZ,  
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Figure 5.1 – APL is a PAR-binding protein in vitro. A: The domain structure of the N-

terminally GST-tagged APL construct. B: A map of the product of ligating pGEX-4T-2, a

GST-protein bacterial expression vector, and APL cDNA. Digestion with BamHI (B) and

XhoI (X) excises the APL cDNA, whereas the PstI site (P) is used for plasmid verification.

C: Verification of pGEX-4T-2-APL by restriction digestion. Enzymes used for digestion

and expected fragment sizes are shown in the table. D: Purification of GST-APL (90.3

kDa) from BL21(DE3) E. coli. Cell equivalent samples were separated by SDS-PAGE and

detected by Coomassie staining. Abbreviations: uninduced (UN), induced (IN), lysis (L),

flow-through (FT). E: Quantification of the concentration of GST-APL eluted, by

comparison with BSA standards. The indicated volumes and amounts of GST-APL and

BSA, respectively, were separated by SDS-PAGE and detected by Coomassie staining. F:

In vitro determination of the PAR-binding nature of GST-APL. Increasing concentrations

of peptides were slot-blotted onto a nitrocellulose membrane and then incubated with PAR

chains. Detection by Western blotting and comparison of GST and GST-APL indicates that

APL does bind to PAR. GST-Ku70C and GST-Ku70CΔPBZ were included as positive and

negative controls, respectively. Slot-blot experiment (F) performed by Peggy Paschke.
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respectively)
360

. Incubation of this membrane with PAR polymers and subsequent Western 

blotting reveals that full length GST-APL does bind to PAR (Figure 5.1F). As expected, 

GST alone and GST-Ku70CΔPBZ display negligible and highly reduced binding, 

respectively. The slot-blot experiment was performed by Peggy Paschke. 

Following the successful identification of APL as a PAR-binding protein, we wished to 

determine which domains were responsible for this behaviour. APL contains three 

domains: an FHA domain, a PBZ domain, and a permuted macro domain. Examples of all 

of these domain types have been shown to be PAR binding, with varying degrees of 

conservation of this function across their families
241,246,308

. To assess the domain-

dependence of the PAR-binding of APL, a series of constructs of the isolated domains of 

APL were designed, with N-terminal GST tags. This was performed by amplifying those 

domains from the pGEX-4T-2-GST-APL vector by PCR, and ligating those products into 

empty pGEX-4T-2 vectors, which were then verified by Sanger sequencing. The proteins 

encoded by these constructs were expressed following transfection of the pGEX-4T-2 

vectors in BL21(DE3) E.coli, and purified by GST purification. The purification process 

was monitored by SDS-PAGE and Coomassie staining (Figure 5.2A). The isolated 

domains of APL were then assessed for PAR-binding activity by dot-blotting onto 

nitrocellulose, followed by incubation with PAR polymers. Subsequent detection by 

Western blotting identified the PBZ (GST-PBZ) and macro (GST-MACRO) domains as 

both displaying PAR-binding to a similar magnitude as full length GST-APL, which is 

again seen to be lower than GST-Ku70C (Figure 5.2B). The FHA domain (GST-FHA) has 

negligible PAR-binding activity.  

To further elucidate the PAR-binding nature of APL, we also assessed the ability of 

domain-deletion mutants to the protein to bind PAR (Figure 5.3A). This analysis would be 

predicted to corroborate the data from the isolated domains of APL. As previously, the  
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Figure 5.2 – The isolated PBZ and macro domains of APL bind to PAR in vitro. A:

Domain structures and purification of the N-terminally GST-tagged individual domains of

APL. The indicated domains of APL were amplified by PCR from Ax2 cDNA, and ligated

into pGEX-4T-2 vectors. These vectors were transfected into BL21(DE3) E. coli cells, and

were expressed with N-terminal GST-tags, before purification. The GST-purification

procedure was monitored by SDS-PAGE and Coomassie staining. Abbreviations:

uninduced (UN), induced (IN), pellet (PT), supernatant (SN), flow-through (FT). B:

Determination of the PAR-binding abilities of the isolated domains of APL. Increasing

concentrations of each peptide were dotted onto a nitrocellulose membrane and incubated

with PAR chains, followed by detection by Western blotting. GST-Ku70C was included as

a positive control. Experiments performed by Peggy Paschke and Mehera Emrich.
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Figure 5.3 – The PAR-binding ability of APL shows strongest reliance on its PBZ

domain. A: Domain structures of the N-terminally GST-tagged truncated forms of APL,

with that of full-length APL provided as a reference. The indicated regions of APL were

amplified by PCR from Ax2 cDNA, and ligated into pGEX-4T-2 vectors. These vectors

were transfected into BL21(DE3) E. coli cells, and were expressed with N-terminal GST-

tags, before purification. B: The elution fractions from the GST purifications performed in

A were analysed using SDS-PAGE and Coomassie staining. C: Determination of the PAR-

binding abilities of the truncated forms of APL. Increasing concentrations of each peptide

were dotted onto a nitrocellulose membrane and incubated with PAR chains, followed by

detection by Western blotting. Experiments performed by Peggy Paschke and Mehera

Emrich.
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DNA sequence of the desired domain-deletion was amplified by PCR, and ligated into a 

pGEX-4T-2 vector. Following transfection of this vector into BL21(DE3) E. coli, the 

GST-tagged recombinant proteins were purified by GST purification. The purity of the 

samples was analysed by SDS-PAGE and Coomassie staining (Figure 5.3B). The PAR-

binding nature domain-deletion mutants of APL were then assessed by the same dot-

blotting assay as used previously (Figure 5.3C). Qualitatively similar levels of PAR-

binding were observed between full-length APL, APL lacking its FHA domain (GST-

APL-ΔFHA) and APL lacking just its macro domain (GST-APL-ΔMACRO). Deletion of 

both macro and PBZ domains (GST-APL-ΔPBZΔMACRO) reduces the PAR-binding of 

this peptide compared to the other mutants. These data indicate that, while both the PBZ 

and macro domains have PAR-binding activity, the PBZ domain may be the dominant 

PAR-binding domain of APL. Design of the pGEX-4T-2 vectors, GST-protein 

purification, and dot-blots were performed by Peggy Paschke and Mehera Emrich. 

5.2.2. Generation and verification of an apl
-
 strain 

Following the confirmation that APL is a PAR-binding protein in vitro, and thereby 

validating the in silico screen, we wished to ascertain whether or not APL functions in the 

DDR of Dictyostelium. To do this, we assessed whether Dictyostelium cells lacking APL 

displayed any phenotype consistent with the protein acting in the DDR. The first approach 

that we took to identify the in vivo function of APL was to assess the sensitivity of apl
- 

strains to a variety of DNA damaging agents, chosen to activate a range of DNA repair 

pathways. Therefore, we generated a Dictyostelium strain disrupted in the apl gene. The 

strategy employed for this disruption by targeted homologous recombination is shown in 

Figure 5.4A, where the primer sets indicate the regions of the Dictyostelium genome 

upstream and downstream of the apl gene that are used to target the knock-out construct.  
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Figure 5.4 – Knock-out construct generation for apl- cells. A: The structure of the apl

gene, displaying its four exons (solid boxes). Primer locations for the two homologous

arms (LEFT and RIGHT) used for apl deletion are indicated. The slight overlap of the

RIGHT homologous arm with the 3’ end of the apl gene was necessary due to the AT-rich

nature of the genome downstream of the apl gene. Restriction sites used for the cloning

procedure are shown. The endogenous HpaI (H) restriction site is annotated. B: Map of the

pLPBLP-APL vector used for making an apl- Dictyostelium strain. The homologous arms

are ligated into this vector flanking a cassette encoding a gene for resistance to blasticidin

(bsr), an antibiotic normally toxic to Dictyostelium. The indicated restriction sites for

excision of the knock-out construct, HpaI (H) and NotI, are shown. The NotI site is present

in the multiple cloning site of the pLPBLP vector. The map of the bsr cassette is also

shown, indicating its promotor (P), terminator (T), and LoxP sites for excision of the

cassette by Cre recombinase. C: The useful product of digesting pLPBLP-APL with HpaI

and NotI, which can be used to knock-out the apl gene by targeted homologous

recombination. Strategy and knock-out construction performed by Duen-Wei Hsu.
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The two homologous arms were amplified by PCR and ligated into the pLPBLP vector, 

either side of a blasticidin resistance cassette (Figure 5.4B). The blasticidin resistance 

cassette is formed of a gene for blasticidin resistance (bsr), flanked by an Actin promotor 

and terminator. LoxP sites are placed upstream and downstream of the cassette to enable it 

to be excised from the Dictyostelium genome by the action of Cre recombinase, if desired. 

Restriction digestion with HpaI (H) and NotI remove the apl knock-out construct from the 

pLPBLP backbone, for transfection into Dictyostelium Ax2 cells (Figure 5.4C). The apl 

knock-out construct was transfected into Ax2 cells by a standard protocol, and cells were 

left to grow in blasticidin-containing media until cell growth was directly observable, 

indicating resistance to blasticidin attained by integration of the construct.  

The generation of blasticidin-resistant Dictyostelium cells could be achieved by the 

intended recombination event (Figure 5.5A), or by random integration of the construct. 

Therefore, we verified the apl
- 
strains at the genetic level by PCR, RT-PCR and Southern 

blot. The location of the primers used for PCR and RT-PCR, in both Ax2 and apl
- 
genetic 

backgrounds, are shown in Figure 5.5A. The verification of apl
-
 strains by PCR was 

performed by two combinations of primers: APL1/APL2, in a region of the apl gene 

deleted by the intended recombination event, and BSRF/CHK2, which amplifies a genetic 

sequence unique to correctly generated apl
-
 cells. The results of both of these PCRs are 

shown in Figure 5.5B-C, and they indicate the successful generation of an apl
-
 clone. The 

conclusion of the PCR verification was supported by a Southern blot. The ClaI (C) and 

KpnI (K) restriction sites used for the digestion of Ax2 and apl
-
 genomic DNA are shown 

in Figure 5.5A, alongside the location of the probe. The strategy was designed so that 

deletion of the KpnI site by the recombination event leads to an increase in the length of 

the DNA fragment bound by the probe in apl
-
 cells. The result of the Southern blot 

indicated that the putative apl
-
 strain had undergone the correct recombination event  
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Primers
Expected PCR Products 

(Genomic DNA; bp)
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CHK1/CHK2 849 849
Primers

Expected PCR Products 
(cDNA; bp)

Ax2 apl-

APL1/APL2 516 N/A

EKBF/EKBR 1110 1110

Strain
Expected

Fragments 
(bp)

Ax2 4020

apl- 9772

Ax2

4.0

2.0

3.0

10.0
8.0

apl-

KpnI (K)/ClaI (C)

kbpAx2    apl-

APL1/APL2

CHK1/CHK2

0.6

0.4

1.0

0.8

kbp

B D

C

+          - +        - RT

Ax2

0.6

0.4

1.5

1.0

apl-

kbp

APL1/APL2

EKBF/EKBR

E
CHK1/CHK2

BSRF/CHK2

1.5

0.8

0.8

0.6

1.0

Ax2         apl-

kbp

A

apl

BSR

C C
K

PROBE

Ax2 genomic locus

Targeting construct

C C

BSR

apl- genomic locus

1 kbp

APL1

APL2

CHK1

CHK2

CHK1

CHK2

PROBE
BSRF

1 1977
ATG STOP



 

157 
 

Figure 5.5 – Verification of apl- knock-out strains. A: The strategy for apl deletion by

targeted homologous recombination, displaying the intended recombination event at the

apl genetic locus (dotted lines). The expected integration of the blasticidin resistance

cassette (BSR) and alteration of the Ax2 genome is also shown. Primers used for

verification of the apl- strains are indicated, as are the location of the probe and restriction

sites for Southern blot analysis (ClaI (C) and KpnI (K)). B: Verification of the apl- strain

by PCR. The APL1/APL2 primer combination shown in A was used to amplify genomic

DNA extracted from AX2 and an apl- strain. C: Further PCR verification of the apl- strain,

using BSRF/CHK2 primer combination shown in A. The primers CHK1 and CHK2 were

used as a positive control in both B and C. D: Southern blot verification of the apl- strain.

Parental Ax2 and putative apl- genomic DNA was digested by the indicated restriction

enzymes, with a noticeable size-shift introduced by the deletion of a KpnI site present in

the apl gene. E: Verification of the apl- strain by RT-PCR. The APL1 and APL2 primers

shown in A were used to amplify cDNA synthesised from RNA extracted from Ax2 and a

putative apl- strain. Two primers in the erkB housekeeping gene, EKBF and EKBR, were

used as a positive control. For B-E, the expected fragment sizes are shown in the

respective tables.
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(Figure 5.5D). Furthermore, the transcription of the apl gene was assessed in Ax2 and apl
-
 

cells by RT-PCR, with the APL1/APL2 primer combination. The cDNA generated from 

apl
-
 cells indicated that APL is no longer being transcribed (Figure 5.5E). Cumulatively, 

these data indicate the successful generation of an apl
-
 strain. 

To further verify this strain, at the protein level, we raised an antibody against the macro 

domain region of APL, with an N-terminal 6xHis tag (Figure 5.6A; ΔAPL; purified protein 

kindly provided by Ivan Ahel). The antibody was raised in sheep, following a procedure 

involving multiple injections of the ΔAPL antigen and subsequent bleeds (outlined in the 

Materials and Methods section). The bleeds were provided as crude serum, which we 

assayed for anti-APL reactivity. Additionally, we were sent a pre-immunisation (PI) bleed 

to use as a negative control. Initial tests of the crude antibody serum by SDS-PAGE and 

Western blotting indicated a strong increase in the affinity for the antigen between the PI 

and first bleed, which was further increased following the second antibody injection and 

bleed (Figure 5.6B). Subsequent injections did not further increase the affinity of the crude 

serum for the antigen, so we proceeded to affinity purify the serum from the second bleed. 

Affinity purification selects only the antibodies from the serum whose epitope is the macro 

domain region of APL, which is a small subset of the total proteins in the serum. As the 

antigen for raising the antibody was N-terminally 6xHis-tagged, we performed affinity 

purification with GST-APL, so as to remove any proteins with affinity for the 6xHis-tag 

region of the antigen (Figure 5.6C). The affinity purification procedure was monitored by 

SDS-PAGE and Coomassie staining of samples at each stage of the purification, with the 

final elution containing only the denatured heavy and light chain antibody proteins (Figure 

5.6D). Comparison of the antigen-binding abilities of the crude serum and purified anti-

APL (αAPL) antibody by Western blotting indicated a clear increase in affinity following 

the purification process (Figure 5.6E). To further assess the function of the anti-APL  
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Figure 5.6 – Raising an antibody against endogenous APL. A: Domain structure of the

6xHis-tagged macro domain region of APL, named ΔAPL, which was used as an antigen

for raising an anti-APL antibody. ΔAPL was purified and kindly sent to us by Ivan Ahel.

B: Assessing the affinity of the crude antibody bleeds. The indicated amounts of the

antigen, ΔAPL, were run on a gel by SDS-PAGE, and Western blotting was performed

with crude sera from the different anti-APL bleeds. The pre-immune serum, taken before

antigen injection, provides a negative control. C: Domain structure of the GST-APL

construct used for affinity purification of the second bleed anti-APL serum. D: Monitoring

the process of affinity purification of the anti-APL antibody. Samples of serum were taken

at each stage of the purification procedure and separated by SDS-PAGE. Detection was

performed with Coomassie staining. The two bands in the elution fractions (arrows),

represent the heavy and light antibody chains. Abbreviations: diluted crude serum (Ser),

flow-through (FT). E: The effect of the affinity purification procedure on the anti-APL

antibody was first determined by observing the affinity of the purified antibody to the

antigen. Increasing amounts of ΔAPL were dot-blotted onto nitrocellulose membrane, and

Western blotting was performed with the indicated fraction. F: More rigorous comparison

of the crude serum and purified anti-APL antibody. Whole-cell and nuclear Ax2 and apl-

extracts were prepared and separated by SDS-PAGE. Detection by Western blotting with

either the crude serum (CRUDE) or purified anti-APL antibody (PURIFIED) was then

performed. The absence of a band in the apl- extracts also serves to further verify the

strain.
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antibody, Dictyostelium Ax2 and apl
-
 whole-cell and nuclear extracts were prepared and 

analysed by SDS-PAGE and Western blotting (Figure 5.6F). Following detection, Ax2 

whole-cell and nuclear extracts both produced a clear band at approximately 70 kDa (APL 

has a molecular weight of 64.3 kDa). Moreover, this band was not present in the apl
-
 

strain, providing further verification of this strain. Probing the extracts with both crude 

serum and purified anti-APL antibody again highlights the clear increase in affinity gained 

through the purification procedure. 

5.2.3. Vegetative Dictyostelium apl
-
 cells are not sensitive to DNA damage 

With an apl
-
 strain generated and fully verified, we wished to determine whether or not 

these cells were sensitive to DNA damage. DDR protein deletion in Dictyostelium can lead 

to noticeable growth phenotypes under standard growth conditions.  However, initial 

observations of growth rates in shaking suspension and plaque formation on agar showed 

no difference in comparison to parental cells. To analyse the correct functioning of specific 

DNA repair pathways, we subjected apl
- 

cells to treatment with various genotoxic 

chemicals, including: methyl methanesulphonate (MMS), phleomycin, the UV-mimetic 4-

nitroquinoline-1-oxide (4-NQO), and cisplatin. These agents induce base methylation 

(base damage), DSBs, bulky adducts repaired by the NER pathway, and DNA cross-links 

(both intra- and inter-strand), respectively.  In humans, the repair of each of these forms of 

damage, with the exception of cisplatin-induced damage, has been shown to have some 

level of dependence on ADP-ribosylation
17,171,459

. Following treatment, the cells were 

washed before being spread onto SM agar plates. Survival was measured by assessing 

plaque formation, compared to untreated control cells. The survival of the apl
-
 strain to 

MMS was found to be no different to that shown by parental Ax2 cells (Figure 5.7A). 

Similarly, while exo1
-
 cells displayed a strong survival defect following phleomycin  
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Ax2 5.59 0.97 N/A

apl- 5.38 0.19 0.85

xpf- 0.81 0.002 0.03 (*)

Strain D50 (mM) SE P-value (Ax2)

Ax2 25.5 0.36 N/A

apl- 29.7 1.22 0.08

Strain D50 (μg/ml) SE P-value (Ax2)

Ax2 80.3 3.75 N/A

apl- 80.8 17.4 0.55

exo1- 39.7 1.21 0.009 (**)

Strain D50 (μM) SE P-value (Ax2)

Ax2 198 17.1 N/A

apl- 189 3.04 0.64

fncD2- 159 3.41 0.15
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Figure 5.7 – The sensitivity of Dictyostelium Ax2 cells to DNA damaging agents is not

increased in the absence of APL. Ax2, apl- and a relevant positive control were exposed

to A: MMS, B: phleomycin, C: 4-NQO, for one hour, or D: cisplatin, for five hours.

Following treatment and washing, 500 cells were plated out on SM agar in association

with Klebsiella aerogenes, and plaque formation was monitored over seven days. Cellular

survival is measured relative to an untreated control. For phleomycin treatment, exo1- cells

were included as a positive control, whereas xpf- cells served this purpose for 4-NQO, and

fncD2- cells did for cisplatin. The error bars represent the standard error of three

independent experiments. D50 toxicity values for all strains are shown in the tables, with

standard errors (SE). P-values on these are calculated with respect to the bracketed strain.
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exposure, Ax2 and apl
-
 cells displayed the same survival phenotypes (Figure 5.7B). As 

expected, the NER-deficient xpf
-
 strain was hypersensitive to 4-NQO treatment; however, 

deletion of APL did not increase the sensitivity of Dictyostelium cells to this genotoxic 

agent (Figure 5.7C). Finally, the FA-deficient fncD2
-
 strain showed slightly increased 

sensitivity to cisplatin compared to Ax2 cells, but the apl
-
 strain did not (Figure 5.7D). 

These data indicate that APL is not a critical component of the DNA repair pathways 

probed, as its deletion does not appear to affect the overall survival of the cells. However, 

this does not rule out a role of APL in these DNA repair pathways, as it may function in a 

redundant manner. Furthermore, it is known that vegetative Dictyostelium cells are 

strongly reliant on HR for DSBR, and that deletion of core NHEJ components does not 

affect overall survival to phleomycin treatment
358

.  Therefore, we proceeded to assess the 

role of APL in NHEJ in Dictyostelium. 

5.2.4. Dictyostelium apl
-
 germinating spores are not NHEJ-deficient 

As previously mentioned, deletion of core Dictyostelium NHEJ proteins does not lead to a 

cellular sensitivity to DSBs in vegetative cell cultures. This is primarily thought to be due 

to the fact that the majority of Dictyostelium cells are in either S- or G2-phases of the cell 

cycle, where HR is the dominant DSBR pathway
330,460

. Therefore, if APL is a NHEJ 

factor, its action in DSBR will not be uncovered by assessing the survival of a vegetative 

culture of apl
-
 Dictyostelium cells to DSBs. It is known that germinating spores of 

Dictyostelium, which are the dispersed from fruiting bodies in response to unfavourable 

conditions, are more reliant on NHEJ, despite also being in G2-phase
334,358

. To address the 

role of APL in NHEJ, we generated Ax2, apl
-
 and Ku70

-
 spores, induced their germination 

by gentle heating, and subsequently treated them with phleomycin for 16 hours. Following 

treatment, the cells were plated onto SM agar, and their survival was measured by plaque 
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formation (Figure 5.8A). In parallel, the germination rate of the spores was monitored by 

visualising the cells at a set number of time points. All of the strains assessed germinated 

at the same rate, and were fully germinated by the end of the treatment time (Figure 5.8B). 

The resulting plaque formation indicated the expected survival defect in the NHEJ-

deficient ku70
-
 strain; however, there was no enhanced sensitivity of apl

-
 cells compared to 

Ax2. Therefore, APL does not appear to have a critical role in NHEJ.  

5.2.5. APL is enriched on chromatin in response to DNA damage 

Despite the lack of a survival defect of apl
 -
 cells to the DNA damaging agents tested so 

far, a role for APL in the DDR has not been ruled out. For example, the contribution of 

APL may be to increase the efficiency of specific DNA repair pathways, or the sensitivity 

increase provided by its deletion may be too small to be detected by the survival assays 

employed. Additionally, APL may act in a redundant manner with another protein, thereby 

masking its role in the DDR. In order to determine if APL has a more subtle role in the 

DDR, we chose to assess the enrichment of APL on chromatin following various forms of 

DNA damage. Such recruitment, if detected, would implicate a role for APL in the 

response to specific forms of DNA damage. 

To monitor the enrichment of APL on chromatin, we chose to overexpress an N-terminally 

Myc-tagged version of APL (Myc-APL), shown in Figure 5.9A. This approach was chosen 

due to the relatively low expression of endogenous APL, and the lack of specificity of the 

anti-APL antibody to proteins on chromatin, the combined result of which led to APL 

being virtually indistinguishable from background bands (data not shown). The coding 

sequence of full-length APL was amplified from Ax2 cDNA, with primers designed so as 

to attach a Myc-tag to the N-terminus of the protein. This construct was ligated into the 

pDXA-3C vector, a Dictyostelium expression vector, under the control of an Actin15  
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Figure 5.8 – Cells lacking APL do not display defective NHEJ. A: The survival of

germinating Dictyostelium spores following exposure to phleomycin for 16 hours. Ax2,

apl- and ku70- spores were grown and harvested using standard techniques. Germination

was induced by gentle heating, and the spores were exposed to the indicated

concentrations of phleomycin immediately following this. After 16 hours, the cells were

washed and 500 cells were plated out for each condition. Plaque formation was monitored

over the following six days. Survival was measured relative to an untreated control. The

NHEJ-defective strain ku70- was included as a positive control. D50 toxicity values are

provided in the table, with standard errors (SE). P-values are calculated with respect to the

bracketed strain. B: The rate of spore germination of the strains used in A, as determined

by direct observation. The error bars in both graphs represent the standard error of three

independent experiments.

Strain D50 (μg/ml) SE P-value (Ax2)

Ax2 49.6 8.91 N/A

apl- 41.8 1.49 0.48

ku70- 38.2 0 0.33
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Restriction
Endonucleases Expected Fragment Sizes (bp)

Empty vector (EV) +Myc-APL (A)

BamHI/XbaI (BX) 57, 6057 1719, 6057
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Figure 5.9 – Construction of a vector for overexpression of Myc-tagged APL. A:

Domain structure of the N-terminally Myc-tagged form of APL (Myc-APL) to be

expressed in Dictyostelium cells. B: Map of the plasmid resulting from the ligation of the

pDXA-3C Dictyostelium overexpression vector and Myc-APL cDNA. This vector places

Myc-APL under the control of an Actin15 promoter (pAct 15), and also encodes a gene for

resistance to G418, an antibiotic normally toxic to Dictyostelium. Digestion with BamHI

(B) and XbaI (X) excise the Myc-APL cDNA fragment, whereas the KpnI sites (K) are

used for plasmid verification. C: Verification of the pDXA-3C-Myc-APL vector by

restriction digestion, with the indicated enzymes. The expected fragment sizes for each

digestion are provided in the table. D: Following transfection of pDXA-3C-Myc-APL into

apl- cells, expression of Myc-APL was verified by Western blotting. Whole-cell extracts of

apl- cells transfected with either empty pDXA-3C (+EV) or pDXA-3C-Myc-APL (+A)

were separated by SDS-PAGE and Western blotting with an anti-Myc antibody was

performed. The expected size of Myc-APL is 65.5 kDa.
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promoter (Figure 5.9B). Additionally, pDXA-3C encodes a gene for G418 resistance, 

thereby providing a means for selection of Dictyostelium cells post-transfection. The 

pDXA-3C-Myc-APL vector was verified by restriction digestion and Sanger sequencing 

(Figure 5.9C). Following transfection of apl
- 
cells with either empty pDXA-3C or pDXA-

3C-Myc-APL, expression was verified by Western blotting with an anti-Myc antibody 

(Figure 5.9D). 

We exposed Myc-APL-expressing apl
-
 cells to a range of DNA damaging agents: MMS, 

phleomycin, 4-NQO, cisplatin and camptothecin (to induce DSBs in S-phase only), and 

then extracted chromatin from these cells. The level of Myc-APL enriched with chromatin 

in these cells was then determined by SDS-PAGE and Western blotting (Figure 5.10). We 

monitored and observed the induction of phosphorylated histone H2AX (γH2AX) in 

response to all types of DNA damage, indicating that all of these genotoxic agents cause 

DNA damage in Dictyostelium. The level of Myc-APL associated with chromatin was not 

increased following treatment with MMS or 4-NQO, indicating that APL is not involved in 

the response to the forms of DNA damage induced by these agents. However, we observed 

strong enrichment of Myc-APL on chromatin following induction of cross-links (cisplatin) 

and replication-induced DSBs (camptothecin). We also observed weaker enrichment of 

Myc-APL in response to cell-cycle independent DSBs (phleomycin).  This implies that 

APL has some involvement in the DDR in Dictyostelium, particularly in response to forms 

of damage suffered or detected in S-phase. 

5.2.6. Chromatin-association of APL is dependent on its macro domain 

We have identified that APL is enriched on chromatin following the induction of DNA 

cross-links or replication-associated damage. However, we do not yet know which 

domains of APL are responsible for this enrichment. Identifying which domains are  
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Figure 5.10 – Myc-APL is enriched on chromatin in response to some forms of DNA

damage. Dictyostelium apl- cells overexpressing Myc-APL were treated either 5 mM

MMS (1 hour), 300 μg/ml phleomycin (1 hour; PHLEO), 5 μg/ml 4-NQO (1 hour), 300

μM cisplatin (5 hours; CIS) or 50 μM camptothecin (3 hours; CAM), alongside mock-

treated controls. Following incubation, chromatin and whole-cell extracts were prepared

and separated by SDS-PAGE. Detection was performed by Western blotting with the

indicated antibodies. Histone H3 is a loading control for chromatin, while γH2AX serves

as a marker of DNA damage.
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responsible for the recruitment will elucidate the mechanism of function of APL. The PBZ 

or macro domains could mediate PAR-dependent interactions with proteins assembled or 

present at DNA lesions, as they have both been shown to be PAR-binding in vitro, or the 

FHA domain may interact with other DDR proteins phosphorylated as a result of the DNA 

damage. To assess this, we introduced a series of mutations into the pDXA-3C-Myc-APL 

vector in order to mutate or delete the domains of the full-length protein: APL-

C174AC180A (PBZ mutant; P*), APL-Δ342-563 (macro deletion, ΔM), APL-E439A 

(predicted macro mutant; M*), and APL-C174AC180AE439A (PBZ and macro mutant; 

PM*). The glutamic acid at position 439 was identified in the predicted structure of APL 

as bearing positional similarity to an acidic residue in MacroD1 responsible for ligand 

binding (Figure 3.11). The point mutations were introduced by primers encoding those 

mutations, and were amplified by PCR from the pDXA-3C-Myc-APL vector. Following 

verification of the mutations by Sanger sequencing, the mutated DNA fragments were 

ligated into the pDXA-3C-Myc-APL vector, following excision of the original APL DNA 

sequence by restriction digestion. The new pDXA-3C vectors were subsequently 

transfected into apl
-
 Dictyostelium cells, using standard techniques. Generation of pDXA-

3C-Myc-APL vectors, and transfections, were performed by Peggy Paschke. 

We then exposed these apl
-
 cells expressing mutant forms of Myc-APL to cisplatin for five 

hours, or mock-treated, and subsequently generated chromatin extracts. Analysis of these 

extracts was performed by SDS-PAGE and Western blotting (Figure 5.11). As observed 

previously, induction of γH2AX indicates the efficacy of cisplatin in this organism, and we 

also observed enrichment of full-length APL on chromatin in response to cisplatin 

treatment. The P*, M* and PM* mutations appear to decrease the enrichment of APL on 

chromatin following damage, to levels equivalent to untreated cells. Interestingly, deletion 

of the macro domain of APL disrupts the constitutive association of Myc-APL on  
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Figure 5.11 – The macro domain of APL is required for the association of APL with

chromatin. Dictyostelium apl- cells expressing recombinant, mutant forms of Myc-tagged

APL were treated with 300 μM cisplatin for 5 hours, or mock treated (empty vector (EV),

wild-type APL (WT), APL-C174AC180 (PBZ mutant; P*), APL-ΔMACRO (ΔM), APL-

E439A (macro mutant; M*), APL-C174AC180AE439A (PBZ and macro mutant; PM*)).

Following incubation, chromatin and whole-cell extracts were prepared and separated by

SDS-PAGE. Detection was performed by Western blotting with the indicated antibodies.

Histone H3 is a loading control for chromatin, while γH2AX serves as a marker of DNA

damage.
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chromatin, but did not abrogate the damage-induced enrichment of the protein (Figure 

5.11, top panel). Therefore, we have identified a constitutive association of Myc-APL with 

chromatin, mediated by the macro domain region, and a damage-induced enrichment, 

which is abrogated following mutation of the PBZ domain or macro domain. 

5.3. Discussion 

In this chapter, we performed initial characterisation of the Dictyostelium protein APL, 

which was the most likely candidate for a novel DDR protein identified through our in 

silico screen. This screen was designed to find proteins with previously unannotated PAR-

binding domains, so we firstly investigated the PAR-binding nature of APL, and which 

domains are required for this interaction. We found that APL does bind to PAR chains in 

vitro, albeit not as strongly as the PBZ-domain-containing C-terminus region of 

Dictyostelium Ku70. Testing the individual domains of APL showed that both the PBZ 

domain and permuted macro domain were able to bind to PAR, indicating that the macro 

domain may have retained its function following the circular permutation. This supports 

the structural prediction of the macro domain of APL, which predicts that the binding 

pocket is still present. Moreover, the identification of the macro domain as a PAR-binding 

domain validates our screen, as this domain was previously unannotated. However, 

deletion of the macro domain from APL does not appear to reduce the PAR-binding ability 

of the protein, thereby suggesting that the PBZ domain is primarily responsible for the 

interaction of APL with PAR chains in vitro. The FHA domain of APL, which displays 

strong homology to the FHA domains of human APTX, APLF and PNKP, does not appear 

to bind PAR chains. Interestingly, despite the similarities in binding partners of the FHA 

domains of human APTX and APLF, they have been shown to display different PAR-

binding behaviour: APTX does bind whereas APLF does not
308

. This may indicate that the 
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FHA domain of APL is more similar to that of APLF than APL. However, the role of the 

FHA domain in mediating protein-protein interaction between APL and its partners will be 

far more informative as to its cellular role.  

Following the discovery that APL is a PAR-binding protein, we performed assays to 

determine whether or not APL is a DDR protein. Firstly, we observed the cellular survival 

of apl
- 
cells to various forms of DNA damage: SSBs, DSBs, bulky adducts, and cross-

links, but found no defect in comparison to parental Ax2 cells. Specifically with regards to 

Dictyostelium, deletion of NHEJ factors does not lead to a survival defect of vegetative 

cells to DSB-inducing agents
358

. Such a defect can be observed in germinating spores; 

however, apl
-
 germinating spores did not show this survival phenotype when compared to 

Ax2 cells either. The lack of a survival defect indicates that APL is not a key protein in the 

DNA repair pathways associated with the repair of these types of damage, but does not 

rule out a role for APL in the DDR. APL may act to improve the efficiency of repair, 

rather than be necessary for its completion. Moreover, APL may also act in a redundant 

manner with another protein. In this case, a survival defect might only be uncovered in a 

double mutant with the redundant protein.  

A potential role of APL in the DDR in Dictyostelium was uncovered when we assessed the 

level of Myc-APL on chromatin following multiple forms of DNA damage. We observed 

the enrichment of Myc-APL on chromatin following treatment with cisplatin and 

camptothecin. Cisplatin primarily causes DNA intra-strand cross-links, but also causes 

DNA inter-strand cross-links, whereas camptothecin traps type I DNA topoisomerases on 

DNA following cleavage, resulting in the formation of DNA DSBs when encountered by 

replication forks
461,462

. Therefore, camptothecin is a source of DSBs in S-phase only
463

. It 

is likely that the inter-strand crosslinks induced by cisplatin are responsible for APL 

enrichment on chromatin, as exposure to the UV-mimetic drug 4-NQO does not induce 
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this, and both intra-strand cross-links and the DNA lesions inflicted by 4-NQO are 

repaired by the NER pathway
464

. The detection of inter-strand crosslinks is thought to be 

coupled to stalled replication forks in S-phase; therefore, these data indicate that APL is 

involved in the response to S-phase associated damage
465

.  

Following the observation of the enrichment of APL on chromatin in response to DNA 

cross-links and S-phase associated DSBs, we identified that the macro domain of APL is 

responsible for a constitutive association of APL with chromatin. Furthermore, mutation of 

the PBZ (C174AC180A) or macro domain (E439A) appeared to attenuate the cisplatin-

induced enrichment of APL on chromatin. This suggests a role for PARylation in the 

recruitment of APL to damage sites, as the PBZ domain, in particular, is a PAR-binding 

module
241

. PARylation by ARTD1 and ARTD2 has previously been implicated in the 

restart of stalled replication forks and the resolution of replication-associated DNA 

damage; however, this has not yet been demonstrated in Dictyostelium
16

. Interestingly, 

ADP-ribosylation has not been identified as a component of DNA cross-link repair 

pathways in humans. The human nuclease SNM1A has a PBZ domain, and has been 

shown to be involved in the resolution of DNA inter-strand cross-links; however, the 

function of its PBZ domain has not been established in this process
466

. The constitutive 

association of APL with chromatin could be an artefact of expressing a recombinant 

protein at a higher level than the endogenous APL, or could be the recruitment of APL to 

the background level of DNA lesions present in the cell. This second suggestion is 

unlikely, as cisplatin-induced enrichment of Myc-APL-Δ342-563 (ΔM) is still observed. 

However, these data indicate that the macro domain is responsible for a function of APL, 

perhaps interacting with progressing replication forks. This in vivo role further supports the 

conclusion of our predictive modelling, which indicated that the circular permutation of 

the macro domain did not cause substantial structural alteration to the domain that may 
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have disrupted its function. Additionally, we also identified the enrichment of higher 

molecular weight forms of Myc-APL, indicating that the protein may undergo post-

translational modifications, such as poly-ubiquitination or poly-SUMOylation, which have 

both been implicated in various DNA repair pathways and will be discussed in the next 

chapter of this thesis
467

. 

Further work is required to determine the precise function of APL in the DDR, but 

potential roles could be in the repair of S-phase associated DSBs by HR, which also arise 

during inter-strand crosslink repair or in TLS
468

. This may explain why no sensitivity of 

apl
-
 cells is detected, as only 5-10% of vegetative cells are in S-phase

330
. In humans, the 

macroPARP ARTD8 has recently been implicated in facilitating DSBR by HR in response 

to replication stress. ARTD8 is a MART that ADP-ribosylates Rad51, which is required 

for its efficient turnover. Furthermore, the second macro domain of ARTD8 binds to 

MARylated Rad51
35

. We have not yet fully characterised the binding behaviour of the 

macro domain of APL, which bears strong homology to the first and second macro 

domains of ARTD8, and it may also bind to single ADP-ribose units. A putative 

Dictyostelium ARTD8 homolog, pARTg, has been identified, but not yet experimentally 

assessed for its activity
321

.  Further characterisation of the properties of the macro domain 

of APL will be important for constructing the mechanism of action of this protein, 

particularly given its role in the association of APL with chromatin. ARTD10, another 

human MART, has also been implicated in lesion bypass in S-phase
37

. Therefore, the role 

of ADP-ribosylation is S-phase-associated DNA repair in humans has been shown, and 

APL may be a novel component of this in Dictyostelium.  Interesting, transcription of APL 

is upregulated 5-fold in a retinoblastoma-like gene (rblA) disruption strain. In this strain, 

generally speaking, genes encoding proteins involved in transcription-coupled repair are 
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upregulated 3- to 6-fold
332

. Albeit not a direct assessment of the function of APL, these 

data support the results gathered in this chapter. 

The role of APL in response to S-phase-associated damage is an unpredicted discovery. 

Thus far, we have compared APL to the human proteins that share its FHA domain: APLF, 

APTX and PNKP. As previously stated, PNKP and APTX are end-processing factors in 

SSBR and NHEJ, whereas APLF stabilises NHEJ repair complexes
15,74,76

. Therefore, these 

proteins are not associated with DNA repair in S-phase, or the repair of inter-strand 

crosslinks. Moreover, these proteins are recruited to DNA lesions by interactions of their 

FHA domains with the scaffold proteins XRCC1 and XRCC4, which are known to 

function in SSBR and NHEJ, respectively, but not in inter-strand crosslink repair or DSBR 

in S-phase
469,470

. If APL is involved in the repair of inter-strand crosslinks, this could 

suggest either a novel binding partner of the FHA domain of APL, which may also be true 

of the domain in human proteins, or implicate XRCC1 and XRCC4 in additional roles in 

the DDR. Therefore, identifying constitutive or damage-induced binding partners of APL 

will be highly informative for the further characterisation of this protein. 
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6. Investigating APL in DNA inter-strand cross-link 

repair 

 

6.1. Introduction 

6.1.1. The repair of DNA inter-strand cross-links 

DNA inter-strand cross-links (ICLs) are highly toxic lesions that prevent the 

complementary DNA strands from separating during DNA replication and transcription. 

Consequently, the toxic effects of ICLs are most prominent in proliferating cells. ICLs 

may also distort the helical structure DNA, preventing proteins from binding
471

. Detection 

of ICLs is thought to primarily occur in S-phase, following replication fork stalling, and 

multiple models have been proposed for the repair of ICLs in this manner
466,472

. The repair 

of ICLs was originally investigated in prokaryotes and lower eukaryotes, such as budding 

yeast. In E. coli, the action of the NER machinery, followed by HR, was shown to be 

required for ICL repair
473

. In yeast, the genes required for the repair of ICLs were 

identified in three epistasis groups, each representing a different sub-pathway required for 

the repair of these complex lesions: NER, TLS (or post-replication repair), and HR. 

Representative genes from each of these groups: pso2, rev3 and rad51, respectively, were 

deleted in yeast cells, and each strain displayed increased sensitivity to ICL-inducing 

agents
271

.  Mechanistically, the NER machinery makes incisions either side of the ICL, 

unhooking it, and the resulting intermediate is resolved by TLS and HR
474,475

. For ICLs 

repaired in G1, in the absence of a homologous template, gap-filling is performed by TLS, 

and rev3-disruptant strains have enhanced sensitivity in this cell-cycle phase
476

. The 5’-3’ 
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exonuclease PSO2 was found to be indispensable for ICL repair in yeast, and is also found 

to be functionally different to the other members of the NER epistasis group
477

. Unlike 

cells with NER-deficiency, pso2
- 
cells are proficient at performing the initial incisions in 

ICL-repair, but are unable to perform downstream processing and DSBR to resolve the 

lesion
272,273

. An ortholog of PSO2 has been identified in humans and mice
276,478

. The 

human PSO2 ortholog, SNM1A, has previously been discussed as it is one of three human 

proteins containing a PBZ domain, thereby indicating that this PSO2-dependent ICL-repair 

pathway exists in higher eukaryotes, and that it may involve ADP-ribosylation
241

. Human 

cells depleted of SNM1A show increased sensitivity to ICLs, and elevated levels of 

replication-associated DSBs
466

. Furthermore, there is evidence of an error-prone, HR-

independent ICL-repair pathway operating in mammalian cells, utilising NER and TLS 

machinery
479–481

.  

A proposed model for replication-associated ICL-repair is shown in Figure 6.1, following 

the convergence of two replication forks at the ICL
472

. Briefly, the NER machinery is 

employed to make incisions either side of the ICL, utilising the Mus81-Eme1 and ERCC1-

XPF endonuclease complexes
482–484

. SNM1a has a crucial role in digesting across the ICL 

in a 5’ to 3’ manner
466

. The crosslink is now unhooked, and is then bypassed by the TLS 

DNA polymerase Rev1, and the synthesised strand is then extended by Polζ (Rev3/Rev7), 

another TLS DNA polymerase
485–487

. The ICL is then excised, again by NER machinery, 

leaving a DSB intermediate on one DNA strand. This DSB is resolved by HR to complete 

the repair with minimal errors
485,488–490

. 

6.1.2. The Fanconi Anaemia pathway 

The Fanconi Anaemia (FA) pathway, named after the condition that mutation of its core 

proteins presents, has evolved specifically to repair ICL damage, and is a major ICL-repair  
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Figure 6.1 – The replication-coupled repair of ICLs in mammalian cells. A speculative

model for the replication-dependent repair of ICLs, highlighting the coordination of

multiple DNA repair pathways. The lesion is detected by stalled replication forks (A). The

ICL is unhooked by the sequential incisions by the endonuclease complexes Mus81-Eme1

and ERCC1-XPF (B). DNA is synthesised across the lesion by the translesion synthesis

(TLS) polymerase Rev1 (C) and is then continued by another TLS polymerase, Polζ (D).

The region of DNA containing the ICL is then excised using NER machinery (E) to leave a

DSB (F). The HR pathway is then engaged to resolve the DSB, using the newly

synthesised DNA as a template (G-I). Adapted from Moldovan and D’Andrea (2009).
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pathway in mammalian cells. As such, FA-deficient cells display hypersensitivity to ICL-

inducing agents
491

. The core components of FA pathway are involved in detection and 

signalling of ICLs, which coordinate other DNA repair pathways to facilitate repair, 

namely:  NER, translesion synthesis (TLS), and HR
485

. Study of the FA pathway, for the 

most part, has been limited to higher eukaryotes, as the pathway was not thought to be 

conserved in lower eukaryotes such as budding yeast. However, factors involved in a FA-

like pathway have recently been discovered in this organism
492

. 

Of the seventeen proteins so far identified causing Fanconi Anaemia in humans, several 

are found in one complex, known as the FA core complex. These proteins are FANCA, 

FANCB, FANCC, FANCE, FANCF, FANCG, FANCL and FANCM 
493–500

. Other 

proteins, yet to be identified as causing Fanconi Anaemia in a patient, but found in the FA 

core complex, include FAAP100 and FAAP24
501,502

. It is thought that FANCM and 

FAAP24 are involved in recruiting the FA core complex to ICLs in S-phase, which are 

marked by stalled replication forks
503

. The FA core complex acts as a ubiquitin E3 ligase, 

with FANCL as its catalytic subunit and Ube2T as its ubiquitin E2 ligase partner
499,504

. 

The target for ubiquitination in response to ICL detection is the heterodimer of FANCD2 

and FANCI, which are both monoubiquitinated
505–510

. While FANCI ubiquitination is 

dispensable for FA pathway activation, FANCD2 ubiquitination and its subsequent 

localisation to chromatin is essential component of this pathway. However, 

phosphorylation of FANCI by ATR is believed to activate the FA pathway
511

. The activity 

of the FA pathway is controlled by the ubiquitination state of FANCD2, with USP1 

deubiquitinating the protein in normal cellular conditions
512

. Deletion of USP1 leads to 

sensitivity to cross-link-inducing agents, suggesting that deubiquitination of FANCD2 is 

also important for functional ICL repair
513,514

. 
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Downstream of FANCD2 ubiquitination is the coordinated action of several DNA repair 

pathways to resolve the ICL. Interactions between ubiquitinated FANCD2 and proteins 

involved in these pathways are believed to be necessary for this orchestration. The 

structure-specific endonuclease subunit SLX4 and nuclease FAN1 are both recruited to 

ICLs through direct interaction with mono-ubiquitinated FANCD2, and are required for 

ICL processing
515–522

.  Furthermore, the helicase and BRCA1-interacting protein FANCJ 

(BACH1), the key HR protein identified as FANCD1 (BRCA2), and the BRCA2 

interacting factor FANCN (PALB2), also function downstream of FancD2 mono-

ubiquitination
302,523–528

. The illegitimate action of NHEJ to repair the DSBs formed in ICL 

repair is toxic to the cell, as suppression of NHEJ in FA-deficient cells rescues them 

following exposure to ICL-inducing agents
529

. Thereby, it is thought that one of the major 

roles of the FA pathway is to ensure that high fidelity repair of these lesions by HR is 

performed
530

.          

6.1.3. Conservation of ICL repair proteins in Dictyostelium  

A homolog of yeast Pso2 (Dclre1) has been identified in Dictyostelium, and cells lacking 

this protein display elevated sensitivity to ICLs, indicating that ICL-repair involving this 

protein is conserved in this organism (unpublished data). However, deletion of Dclre1 also 

results in delayed DSBR, indicating similarity to the human protein Artemis
351

. In humans, 

three homologs of Pso2 are present: SNM1A, SNM1B and SNM1C (Artemis). SNM1A is 

the closest homolog to yeast PSO2 and functions in ICL-repair, whereas Artemis is a 

nuclease in NHEJ
155,531

. Dictyostelium only has one homolog of PSO2, Dclre1, which 

would appear to function in multiple DNA repair pathways. The conservation of some 

NER and TLS factors, such as XPF and Rev3, has been discussed previously, and the 

presence of these pathways is required for the operation of Dclre1-mediated repair. 
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Additionally, the components of a functional FA pathway have been discovered in 

Dictyostelium. A minimal FA pathway, consisting of FncD2, FncI, FncL, Ube2T, FncM, 

FncJ and FncD1/Brca2, has been identified, which appears to function with a reduced core 

complex compared to mammalian cells. The roles of FncL and Ube2T in the essential 

mono-ubiquitination of FncD2 are conserved. However, clear functional differences have 

been found between the mammalian and Dictyostelium pathways.  Deletion of the 

components of the FA pathway or TLS polymerases in mammalian cells results in high 

levels of sensitivity to ICL-inducing agents. In Dictyostelium, however, deletion of these 

factors yields moderate sensitivity, with epistasis shown between the FA and TLS 

components. Contrastingly, deletion of the NER nuclease XPF in Dictyostelium yields 

extreme sensitivity to ICLs, but not other core NER components such as XPC, indicating 

that XPF may play an NER-independent role
347

. It is postulated that this difference may 

have evolved as a consequence of the cell-cycle of Dictyostelium. In the FA pathway in 

mammalian cells, ICLs are primarily detected due to replication fork stalling in S-phase
472

. 

In Dictyostelium, the majority of ICLs will occur in G2-phase, on one sister chromatid. 

ICLs in G2 can be resolved in a much simpler manner, requiring excision of the lesion on 

both strands and deployment of HR to seal the gap. This model predicts that HR-deficient 

cells would also be highly sensitive to ICLs; however, no data is yet available to test this 

hypothesis.  

6.1.4. Aims 

To this point, we have identified a potential PAR-binding protein, APL, through in silico 

methods, and verified this PAR-binding activity through in vitro assays. We then assessed 

the survival of apl
-
 cells to various types of DNA damage, and found them to be normal 

compared to parental Ax2 cells. However, we have observed recruitment of Myc-APL to 
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chromatin, primarily in response to DNA cross-links, and also S-phase-induced DSBs. The 

association of APL with chromatin was also shown to be dependent on its macro domain 

region; however, deletion of this did not fully abrogate the cisplatin-induced enrichment of 

APL to chromatin. The aim of this chapter is to further investigate the role of APL in the 

repair of DNA cross-links. 

6.2. Results 

6.2.1. APL is modified in response to DNA DSBs 

Prior to the data on the enrichment of Myc-APL on chromatin (Figure 5.10), we were 

unclear as to which DNA repair pathway APL may be involved in. To address this, we 

decided to investigate the DNA damage-induced interacting partners of APL by co-

immunoprecipitation, which we hoped would be known DDR factors. We firstly assessed 

proteins interacting with APL in a DSB-induced  manner, as the FHA domain of APL is 

predicted to bind to the NHEJ factor XRCC4 in response to DSBs
161

. Therefore, we 

transfected Ax2 cells with empty PDXA-3C vector or PDXA-3C-Myc-APL and exposed 

them to phleomycin. After treatment, co-immunoprecipitation was performed by 

incubating the protein extracts with anti-Myc agarose beads. This experimental design 

pulls down Myc-APL directly with the anti-Myc antibody, which is conjugated to the 

agarose beads, in conditions favourable to preserving any protein-protein interactions 

between Myc-APL and any binding partners that it may have. The choice of expressing 

recombinant Myc-APL instead of directly using the anti-APL antibody previously 

generated was due to the lack of specificity of the anti-APL antibody. Analysis of the pull-

downs was first performed by silver staining (Figure 6.2A), and it revealed a putative 

damage-induced interacting protein (asterisk), and a putative constitutive interacting 

protein (square), in the cells expressing Myc-APL. Subsequent analysis of the same  
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Figure 6.2 – Co-immunoprecipitation of proteins interacting with Myc-APL reveals a

damage-induced species. A: Ax2 cells transfected with empty pDXA-3C vector (Ax2 –

EV) or overexpressing Myc-APL (Ax2 – Myc-APL) were treated with 300 μg/ml

phleomycin for one hour or mock-treated. Following phleomycin exposure, the cells were

washed and incubated with anti-c-Myc agarose beads to pull-down Myc-APL and any

proteins interacting with it. Proteins bound to the anti-c-Myc agarose beads were analysed

by SDS-PAGE, followed by either silver staining or Western blotting with an anti-Myc

antibody. Myc-APL (triangle), a probable degradation product (square), and a damage-

induced species (asterisk) are visible. B: Ax2 cells transfected with empty pDXA-3C

vector (Ax2 – EV) or overexpressing Myc-APL (Ax2 – Myc-APL) were treated as in A.

Prior to washing, the cells were split and one half were subsequently exposed to buffers

containing PARP and PARG inhibitors, while the other half were exposed to standard

buffers. These extracts were then separated by SDS-PAGE and the protein bands were

visualised by silver staining. The bands are marked as in A.
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samples by Western blotting with a different anti-Myc antibody to that found on the beads 

indicated that both of these bands were size-shifted forms of Myc-APL (Figure 6.2A). The 

most plausible explanation of higher molecular weight form of APL (asterisk) is that it 

undergoes post-translational modification in response to DSBs. The lower molecular 

weight band (square), originally identified as a putative constitutive interactor, is therefore 

identified as a degradation product. To further strengthen this conclusion, this band was 

only present in a minority of successful transfections with pDXA-3C-Myc-APL. 

Although we have identified that APL undergoes some form of modification following 

induction of DSBs, we have not identified any proteins that interact with APL. Therefore, 

we addressed the possibility that the original co-immunoprecipitation experiments were 

not optimised for detecting protein-protein interactions dependent on PARylation. 

Considering the domain structure of APL, we believed that such interactions are likely to 

be present.  One of the main challenges in studying PARylation is maintaining the stability 

of PAR chains in extracts, which are rapidly catabolised, alongside minimising the 

induction of PARylation by extraction procedures. To counter this in our experiments, 

following treatment of Myc-APL-expressing Ax2 cells with phleomycin, we split the cells 

in half and added PARP and PARG inhibitors (PARPi/PARGi) to the wash and lysis 

buffers used in one half, and compared this to normal buffers in the other (see Materials 

and Methods). Comparison of the samples was performed by silver staining (Figure 6.2B). 

The addition of PARPi and PARGi is observed to have an effect on the interactions 

between proteins, as new bands appear in all of the PARPi/PARGi treated samples. 

However, none of the new bands are DNA damage-induced, and they are also present in 

cells transfected with an empty PDXA vector as a control (lanes 3 and 4). Therefore, these 

new bands do not represent damage-induced or constitutive interactions of proteins with 
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Myc-APL. Importantly, however, the modified band of Myc-APL (asterisk) remains 

following the inclusion of PARPi and PARGi in the extraction buffers. 

6.2.2. APL is modified primarily in response to DNA cross-links 

Following the discovery that APL is modified in response to DSBs, we wished to see 

whether this modification occurs in response to other forms of DNA damage, particularly 

cross-links, which APL has been implicated in the repair of. Furthermore, after failing to 

identify any proteins interacting with APL in either a constitutive or DSB-induced manner, 

we wished to widen our approach to include the induction of different forms of DNA 

damage. Therefore, we expressed Myc-APL in Ax2 cells and performed co-

immunoprecipitation (co-IP) with an anti-Myc antibody, following cellular exposure to 

MMS, phleomycin, 4-NQO, cisplatin, or camptothecin. Analysis of the 

immunoprecipitates was performed by SDS-PAGE and silver staining (Figure 6.3), and 

indicated that the modified form of APL was induced much more strongly in response to 

cisplatin, compared to phleomycin (marked by asterisks). The modified form was also 

induced in response to MMS and camptothecin treatment, though much more weakly, but 

not present in 4-NQO-treated cell extracts. The presence of a strong cisplatin-induced band 

matches the enrichment of APL on chromatin following cellular exposure to this genotoxic 

agent (Figure 5.10), providing further evidence that APL is involved in the repair of DNA 

cross-links. 

To further verify that the strong increase in the induction of the upper band in the silver-

stained gel in response to DNA cross-links is due solely to the modification, we treated 

apl
-
 cells with the same array of DNA damaging agents as previously, and subsequently 

generated whole-cell extracts. We then analysed the samples by SDS-PAGE and Western 

blotting with the anti-Myc antibody (Figure 6.4). The antibody detected the induced band  
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Figure 6.3 – The damage-induced species is present most strongly in response to DNA

cross-links. Ax2 cells expressing Myc-APL were exposed to the indicated genotoxic

agents, or mock-treated. The cells were exposed to 300 μg/ml phleomycin (PHLEO), 5

mM MMS and 5 μg/ml 4-NQO for one hour, 300 μM cisplatin (CIS) for five hours or 30

μM camptothecin (CAM) for three hours. Following treatment with these agents, the cells

were washed and incubated with anti-c-Myc agarose beads to pull-down Myc-APL and

any proteins interacting with it. The resulting proteins were denatured by boiling in SDS

loading buffer, and were analysed by SDS-PAGE. Protein bands were observed by silver

staining. A damage-induced band in response to both cisplatin and phleomycin (asterisk) is

observed at slightly higher molecular weight than Myc-APL (triangle; 65.5 kDa). The

heavy chain of the anti-c-Myc antibody is clearly visible below the 55.4 kDa marker.

Silver stain
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Figure 6.4 – Analysis of whole-cell extracts by Western blotting identifies a damage-

induced, higher molecular weight form of Myc-APL. Whole-cell extracts were prepared

from apl- cells overexpressing Myc-APL following treatment for one hour (unless

specified) with either 5 mM MMS, 300 μg/ml phleomycin, 5 μg/ml 4-NQO, 300 μM

cisplatin (CIS, five hours), or 50 μM camptothecin (CAM, three hours). The extracts were

then analysed by SDS-PAGE and Western blotting with an anti-Myc antibody. Protein

loading is observed by Ponceau staining prior to incubation with the anti-Myc antibody.
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strongly in cisplatin-treated samples, indicating that this band is the modified form of 

APL. We also observed the modification in phleomycin- and camptothecin-treated 

samples, in agreement with previous data. Additionally, a weak band is observed in 

response to 4-NQO. Therefore, we have shown that DNA cross-links are the most potent 

stimulus of the modification of APL. 

To further confirm that the induced band is a post-translationally modified form of APL, 

we analysed it by mass spectrometry. We excised the modified band from the silver-

stained co-immunoprecipitation gels and sent the sample for analysis. The most significant 

match obtained from peptides present in the sample, that were judged to have originated 

from Dictyostelium proteins, were from Myc-APL, providing further evidence that this is a 

modified form of the protein (Figure 6.5A). Interestingly, the Dictyostelium protein 

identified in the sample with second highest significance was a ubiquitin-ribosomal fusion 

protein (ubqC), a protein from which ubiquitin is cleaved prior to its use in protein post-

translational modifications. The peptides identified originated from the ubiquitin section of 

this protein (Figure 6.5B). UbqC has a molecular weight of 17.4 kDa, so it is likely that 

this signal, at approximately 70 kDa, is due to the presence of a ubiquitinated species in 

the sample. Although this is far from conclusive data that APL is the protein that is 

ubiquitinated, the size-shift of the modified form relative to unmodified Myc-APL could 

be explained by a mono-ubiquitination event. Additionally, we analysed whole-lane 

samples containing all of the proteins from each co-IP: Myc-APL-expressing and control 

Ax2 cells, each mock-treated or treated with phleomycin, in order to identify any 

constitutive or damage-induced interactions too weak to be identified by the silver 

staining. No proteins implicated in DNA repair were identified in any of the samples with 

statistical significance.  
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Protein Name Size (kDa) Probability Protein Function

APL 64.3 1E-10 Putative DDR protein

ubqC 17.4 2E-05 Ubiquitin/ribosomal protein S27a fusion protein

mhsp70 71.4 0.0001 Mitochondrial heat shock protein

DDB_G0270388 106.9 0.0001
Ubiquitin system component Cue domain-containing 
protein

DDB_G0284741 156.1 0.0002 Suppressor of ty-induced promotor mutation

DDB_G0276445 72.5 0.0006 Heat shock family protein

DDB_G0273339 134.6 0.0050 Uncharacterised

DDB_G0267572 49.4 0.0126 Glioma tumour suppressor candidate

vwkA 70.2 0.0126 Von Willebrand factor kinase A

DDB_G0284527 56.4 0.0398 Uncharacterised

A

B

Protein encoded by ubqC:

MQIFIKTLTGKTITLEVEGSDNIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGGGK
KKKKKTYATPKVLKRKLRKVKLAVLKYYKFDENGKIKRVLRECPAETCGAGVFMAQHANRQYCGKCHSTLVKKSK

UBIQUITIN RIBOSOMAL PROTEIN                    PEPTIDE IDENTIFIED BY MASS SPECTROMETRY

Figure 6.5 – Mass spectrometry analysis identifies the damage-induced band as a

higher molecular weight form of Myc-APL. A: The damage-induced band present in co-

immunoprecipitation experiments with Myc-APL was excised from the gel and analysed

by mass spectrometry. The peptides identified by mass spectrometry were assigned to

known Dictyostelium proteins, which are shown. The results are sorted by the probability

that the observed match is a random event. B: The amino acid sequence of the

ubiquitin/ribosomal fusion protein encoded by the ubqC gene. Peptides from this protein

were identified in the mass spectrometry analysis of the excised band (underlined).
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6.2.3. APL is ubiquitinated in response to DNA damage 

The discovery that APL is modified following cisplatin treatment strongly implicates APL 

in the response to DNA cross-links, while weaker forms of the modification in response to 

DSBs (both replication-associated and independent) suggest that it may have a broader 

role in resolving S-phase-associated damage. However, the nature of the modification is 

still unknown. The presence of a ubiquitinated species in the mass spectrometry data might 

suggest that the modification is some form of ubiquitination event, but this is 

circumstantial evidence at this point. There are many different forms of post-translational 

modifications that are implicated in the DDR; however, some can be ruled as unlikely 

given the data available thus far. Single phosphorylation, methylation, MARylation and 

acetylation events do not increase the mass of the target protein significantly enough to 

explain the band-shift observed with Myc-APL, while multiple additions of these groups 

would lead to the formation of a laddered array of bands. Furthermore, protein 

modification by poly-ubiquitination, poly-SUMOylation and PARylation produces chains 

of varying lengths, and therefore yields multiple bands or smears on SDS-PAGE gels. This 

suggests that the single band observed is unlikely to be caused by one of these 

modifications. Both mono-ubiquitination and mono-SUMOylation involve the conjugation 

of a small, approximately 10 kDa protein to the target, thereby increasing its molecular 

weight. This size-shift would account for that observed with Myc-APL, and therefore we 

hypothesised that one of these modifications was responsible for the damage-induced 

modification of Myc-APL. We chose to investigate the potential ubiquitination of APL 

first, due to identification of a ubiquitinated species in the mass spectrometry results. 

Therefore, we performed further pull-downs of Myc-APL with c-Myc agarose beads, 

following the exposure of Myc-APL-expressing Ax2 cells to cisplatin or mock treatment. 

Despite the fact that we are no longer searching for Myc-APL-interacting proteins, and the 
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modification is observable in whole-cell extracts, this approach was required to remove 

other ubiquitinated proteins from the samples which would mask the signal from Myc-

APL. Samples were then analysed by SDS-PAGE and Western blotting with anti-Myc and 

FK2 antibodies, the latter detecting mono- and poly-ubiquitinated conjugates
532

. The 

Western blotting identified that the damage-induced band is a mono-ubiquitination event, 

by alignment of the FK2 and anti-Myc blots (Figure 6.6A, asterisk). Moreover, additional 

damage-induced bands and smearing in Myc-APL expressing Ax2 cells are also identified 

by the FK2 antibody, suggesting that the modification of APL may be more than a single 

mono-ubiquitination event. Unmodified Myc-APL (triangle) is also detected by the FK2 

antibody, presumably due to non-specific binding to the high concentration of protein. 

Additionally, the degradation product is present in the anti-Myc blot (square). 

To further verify this mono-ubiquitination event, we treated c-Myc pull-down samples 

with a deubiquitinating enzyme (DUB). We chose the commercially available core 

complex from USP2 (usp2cc) as the DUB for this experiment. The protein pull-downs 

were prepared as previously; however, prior to elution, the samples were split and one half 

was incubated with the DUB. Subsequent analysis by SDS-PAGE and Western blotting 

with the anti-Myc antibody confirmed that the modification is mono-ubiquitination, as it is 

removed by treatment with the DUB (Figure 6.6B). Collectively, these data provide strong 

evidence that APL is mono-ubiquitinated following induced DNA cross-links, and also 

weakly poly-ubiquitinated. 

6.2.4. APL mono-ubiquitination is dependent on its macro domain region 

Having confirmed that APL is mono-ubiquitinated in response to DNA cross-links, we 

then wished to determine the domain dependence of this damage-induced post-

translational modification. We have previously constructed a series of vectors to express  
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Figure 6.6 – APL is mono-ubiquitinated in response to DNA cross-links. A: Ax2 cells

transfected with empty pDXA-3C or pDXA-3C-Myc-APL were treated with 300 μM

cisplatin for five hours, or mock-treated. Following treatment, washing and lysis, the cell

extracts were incubated with c-Myc agarose beads to immunoprecipitate all forms of Myc-

APL. The resulting extracts were analysed by SDS-PAGE and Western blotting with anti-

Myc and FK2 (anti-mono- and poly-ubiquitinated protein) antibodies. Myc-APL (triangle),

the modified form of Myc-APL (asterisk) and a degradation product of Myc-APL (square)

are identified. B: Myc-APL expressing Ax2 cells were treated and immunoprecipitated as

in A. Prior to eluting the proteins from the c-Myc agarose beads, the extracts were treated

for two hours with USP2 core (a deubiquitinating enzyme), or mock-treated. Samples were

subsequently analysed by Western blotting with an anti-Myc antibody.
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mutant forms of recombinant Myc-tagged APL in apl
-
 cells (Figure 5.11). We used these 

strains to address this question. We treated cells expressing Myc-APL, Myc-APL-

C174AC180A (PBZ domain mutant; P*), Myc-APL-ΔMACRO (macro domain deletion; 

ΔM), Myc-APL-E439A (macro domain mutation; M*), Myc-APL-C174AC180AE439A 

(PBZ and macro domain double mutant; PM*), and control cells with cisplatin (or mock 

treated), and subsequently generated whole-cell extracts from these cells. Analysis of these 

extracts by Western blotting with the anti-Myc antibody revealed that the damage-induced 

ubiquitination event is abrogated in the cells expressing only Myc-APL-ΔMACRO, the 

macro domain deletion strain (Figure 6.7). This implies that either the macro domain 

region is ubiquitinated following cisplatin treatment, or an interaction mediated by the 

macro domain is a necessary precursor to mono-ubiquitination (or both). Interestingly, the 

E439A mutation, which is predicted to be functionally important for ligand binding in the 

permuted macro domain of APL, and is observed to reduce the cisplatin-induced 

enrichment of Myc-APL on chromatin (Figure 5.11), appears to increase the level of 

modification of APL. This is observed in both the single M* mutant (lane 11), and also in 

the double PM* cell-line (lane 12). Furthermore, a longer exposure revealed a second, 

damage-induced form of Myc-APL at high molecular weight (circle). This band was not 

observed on the silver-stained gels following co-immunoprecipitation of Myc-APL, but 

was observed retrospectively in previous whole-cell extracts to be induced in response to 

cisplatin only. The presence of such a high molecular weight band is puzzling, as no 

known post-translational modification would increase the weight of the protein to that 

degree. However, this could indicate some form of multiple modifications of APL. 

Additionally, any dimers or trimers of Myc-APL formed in a damage-induced manner 

would be broken apart during sample boiling and reduction. Nevertheless, this high 

molecular weight modification is observed robustly in a cisplatin-dependent manner, and  
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Figure 6.7 – Deletion of the macro domain of APL abrogates its ubiquitination. apl-

cells over-expressing the following proteins: empty PDXA vector control (EV), full-length

Myc-APL (FL), Myc-APL-C174AC180A (PBZ-domain mutant; P*), Myc-APL-ΔMacro

(macro domain deletion; ΔM), Myc-APL-E439A (macro domain mutant; M*), and Myc-

APL-C174AC180AE439A (PBZ and macro domain double mutant; PM*), were treated

with 300 μM cisplatin for 5 hours, or mock treated. Following treatment, whole-cell

extracts were prepared and protein content was analysed by Western blotting with an anti-

Myc antibody. In addition to the ubiquitinated form of Myc-APL (asterisk), a long

exposure revealed a further damage-induced form of Myc-APL at high molecular weight

(circle). Protein concentrations necessary to observe the modified forms of Myc-APL were

too high for the use of an anti-Actin antibody as a positive control, therefore Ponceau

staining was utilised for this purpose.
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is not present in cells not expressing Myc-APL. It is unclear from this data, due to the 

presence of non-specific bands, whether or not the high molecular weight form of Myc-

APL is present in the macro domain-deletion mutant (lane 10). 

6.2.5. The high molecular weight form of APL is absent in ube2T
-
 cells 

Thus far, we have implicated APL in the response to DNA-cross-links by observing its 

ubiquitination and enrichment on chromatin following cisplatin treatment, and also in 

response to DSBs. This role of APL in response to cisplatin implies that it may act in one 

of the ICL-repair pathways present in Dictyostelium. Despite extensive study of human 

ICL-repair pathways, no protein with the domain structure of APL has been implicated in 

the repair of ICLs. Moreover, PARylation has not been associated in ICL-repair, and so the 

identification of APL as a putative ICL-repair factor is a discovery with novel 

implications. One such ICL-repair pathway is the Fanconi Anaemia pathway, which has 

recently been investigated in Dictyostelium
347

. In both humans and Dictyostelium, the 

mono-ubiquitination of FancD2 (FncD2 in Dictyostelium) is required for FA-pathway 

activation, and we hypothesised that the mono-ubiquitination of APL may be dependent on 

the same ubiquitin ligases responsible for FncD2 ubiquitination (Figure 6.8A). Orthologs 

of the E2- and E3-ubiquitin ligases involved in this modification in human cells, Ube2T 

and FancL, respectively, have been identified and characterised in Dictyostelium
347

. We 

were kindly provided with strains with the genes encoding these two proteins disrupted, by 

KJ Patel, alongside their parental controls (Ax2 for fncL
-
, and a Tap-tagged FncD2 knock-

in for ube2T
-
). The pDXA-3C vector encoding Myc-APL was transfected into these 

strains, and whole-cell extracts were prepared, following treatment with cisplatin. 

Modification of Myc-APL was subsequently assessed by SDS-PAGE and Western blotting 

(Figure 6.8B). Interestingly, while the absence of FncL or Ube2T had a negligible effect  
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Figure 6.8 – Deletion of Ube2T abrogates the high molecular weight modification of

APL. A: A highly simplified schematic of the activation of the human Fanconi Anaemia

pathway, identifying Ube2T and FancL as the E2- and E3-ubiquitin ligase pair implicated

in the ubiquitination of FancD2. B: Myc-tagged APL was over-expressed in fncL- and

Ube2T- strains, alongside Ax2 and Tap-fncD2 knock-in strains as the respective parental

controls. The cells were treated with 300 μM cisplatin for 5 hours, or mock-treated.

Subsequently, whole-cell extracts were prepared and protein content was assessed by

Western blotting. Myc-APL (triangle) is indicated in all strains, alongside the ubiquitinated

(asterisk) and high molecular weight (circle) forms of the protein. All of the strains used in

this experiment were kindly provided by KJ Patel (Cambridge MRC LMB).
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on the mono-ubiquitination of Myc-APL, the currently uncharacterised high molecular 

weight form of Myc-APL (circle) is not present in ube2T
-
 cells, but is present in the fncL

- 

strain. Ubiquitin E2 and E3 ligases act in pairs in a highly specific manner to ubiquitinate a 

target protein, and in humans, FancL is the only known E3 partner of Ube2T. This 

experiment would indicate that Ube2T in Dictyostelium acts independently of FncL in 

facilitating the high molecular weight modification of APL, either by direct action or by 

ubiquitinating an upstream protein. However, the FK2 blot of cisplatin-treated cells 

expressing Myc-APL (Figure 6.6) did not indicate a species of the same molecular weight 

as this high molecular weight band of APL, reducing the possibility that it is a poly-

ubiquitinated form generated by the direct action of Ube2T. The independent action of 

Ube2T and FncL observed here may indicate that APL functions in a separate pathway to 

the classical FA pathway. 

6.2.6. APL deletion does not further sensitise fncD2
-
 cells to cisplatin 

The lack of dependence of the mono-ubiquitination of APL on FncL might indicate that 

APL does not function in the FA pathway in Dictyostelium, and may function in a different 

ICL-repair pathway, such as that involving Dclre1 (the Dictyostelium homolog of yeast 

Pso2). If APL functions in a separate pathway to FA for ICL repair, then inactivation of 

both pathways in cells should result in further sensitisation to ICL-inducing agents than 

observed in FA-deficient cells alone. This would explain the lack of sensitivity of apl
-
 cells 

to DNA cross-links, as the role of APL may only be unveiled in an FA-deficient 

background. To produce a FA-deficient strain, we devised a strategy for the disruption of 

the fncD2 gene, utilising endogenous ClaI (C) and EcoNI (E) restriction sites to mark the 

external ends of the homologous arms used for targeting the disruption vector (Figure 

6.9A). This strategy mimics that employed by KJ Patel for this disruption
347

. These arms  
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cassette encoding a gene for resistance to blasticidin (bsr cassette), an antibiotic toxic to

Ax2 cells. Indicated restriction sites map to those shown in A. The structure of the

blasticidin resistance cassette is shown, containing the bsr gene, Actin6 promoter (P) and

terminator (T). LoxP sites for excision of the cassette by Cre recombinase are also

indicated. C: Validation of the pLPBLP-fncD2 disruption vector by restriction digest with

ClaI (C) and EcoNI (E). Expected fragment sizes are shown in the table. The fragment
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were amplified by PCR using the indicated primers, and ligated either side of a cassette 

encoding resistance to the antibiotic blasticidin (bsr cassette). A diagrammatic map of this 

vector is shown in Figure 6.9B. The DNA sequence of these arms was verified by Sanger 

sequencing (not shown), and by restriction digestion with ClaI and EcoNI (Figure 6.9C). 

The DNA fragment used for transfection of Ax2 and cre-loxed apl
- 
cells is shown in Figure 

6.9D. 

Performing the transfections described above yielded both fncD2
-
 and apl

-
fncD2

-
 mutants, 

which needed to be screened. The initial selection of potential mutants was performed by 

growing cells in media containing blasticidin, which were observed two weeks after 

transfection. The growth of cells in blasticidin indicates that either the intended 

recombination event (Figure 6.10A) has occurred, or that the cassette has been integrated 

randomly. Screening of both putative fncD2
-
 and apl

-
fncD2

- 
strains was initially performed 

by PCR, with primer combinations amplifying over both homologous arms and internal to 

the deleted region of the fncD2 gene (primer locations are shown in Figure 6.10A). 

Importantly, the primers labelled FD2L and FD2R are external to the region of 

recombination. The results of the PCRs with four putative fncD2
-
 strains and four putative 

apl
-
fncD2

-
strains are shown in Figure 6.10B, alongside Ax2 cells as a control strain. These 

PCRs indicate that all four fncD2
-
 strains were successful disruptions; while three out of 

four apl
-
fncD2

-
 double mutants were generated correctly (apl

-
fncd2

-
A appears to have only 

integrated the disruption construct at one end of the fncD2 gene).  Further verification was 

provided by Southern blotting. The relevant XbaI restriction sites and probe location are 

shown in Figure 6.10A. The BSR cassette contains an additional XbaI site, thereby 

breaking up the 17.5 kB fragment expected in Ax2 and apl
-
 cells. The result of the 

Southern blot (Figure 6.10C) supports the PCR results for the indicated strains, therefore 

confirming the successful generation of at least two fncD2
-
 and apl

-
fncD2

-
 strains. This  
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Figure 6.10 – Generation and verification of fncD2 disruption strains. A: The strategy

for disruption of the fncD2 gene by targeted homologous recombination, thereby inserting

a gene for resistance to blasticidin (BSR). Primers used for verification by PCR and the

relevant XbaI (X) restriction sites and probe location for Southern blotting are indicated.

B: Verification of fncD2 disruption in Ax2 and apl- backgrounds (fncD2- and apl-fncD2-)

strains by PCR. Expected fragment sizes are shown in the table. C: Verification of fncD2-

and apl-fncD2- strains by Southern blotting. Digestion of genomic DNA with XbaI (X) and

selecting the region indicated in A for use as a probe gives a substantial fragment size-shift

(shown in the table).
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also provides an indication that apl
-
 cells have functional homologous recombination, 

which is expected as they do not display elevated sensitivity to DSBs. 

Before assessing the sensitivity of the apl
-
fncD2

-
 double mutants to cisplatin treatment, we 

first needed to phenotypically verify the fncD2
-
 single mutants, which would also serve as 

a calibration for future experiments. Therefore, Ax2 cells and two fncD2
-
 strains were 

exposed to a range of cisplatin concentrations for 5 hours, and their survival was quantified 

by plaque growth in the following 7 days post-incubation and washing. Both fncD2
-
 strains 

displayed increased sensitivity to cisplatin over the dose range indicated (Figure 6.11A). 

Therefore, these fncD2
-
 cells have the expected FA-deficiency. To assess the contribution 

of APL to cisplatin-resistance in the absence of FncD2, we performed the same survival 

assay with Ax2, apl
-
, fncD2

-
, and two apl

-
fncD2

-
 strains (Figure 6.11B). These experiments 

showed no additional survival defect of either apl
-
fncD2

-
 strain compared to fncD2

-
 cells. 

This indicates that APL is not required for survival of cisplatin-induced damage in the 

absence of the FA pathway, but does not rule out a role for the protein in the repair of ICL-

induced DNA damage. 

6.3. Discussion 

In this chapter, we have further elucidated the role of APL in the DDR of Dictyostelium, 

specifically with regard to induced DNA cross-links. We firstly tried to identify proteins 

that interact with APL in a damage-induced or constitutive manner, as we believed that 

these proteins would lead to a further understanding of the function of APL. We uncovered 

a potential cisplatin- and DSB-induced interacting factor by co-immunoprecipitation, but 

this was found by mass spectrometry analysis and Western blotting to be a mono-

ubiquitinated form of APL. Analysis of mutant forms of APL identified that the mono-

ubiquitination event was dependent on the C-terminus, macro domain region of the  
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Figure 6.11 – Dictyostelium apl- cells are not further sensitised to DNA cross-links by

disruption of the fncD2 gene. A: Verification of fncD2 disruption (fncD2-) strains by

assessing their sensitivity to DNA cross-links. Ax2 cells and two fncD2- disruption strains

were exposed to the indicated cisplatin concentrations for 5 hours. Survival was assessed

by observing plaque formation 3-7 days post-incubation. B: Similarly, Ax2, apl-, fncD2-

and two apl-fncD2- strains were exposed to the indicated concentrations of cisplatin for 5

hours, and sensitivity was assessed by counting plaques formed between 3 and 7 days post-

incubation. For each strain, survival is measured relative to an untreated control. In both

experiments, error bars represent the standard error from three independent experiments.

P-values were calculated from the mean D50 toxicity values, which are indicated in the

tables with standard errors (SE). P-values are calculated with respect to the bracketed

strain.
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protein. This mono-ubiquitination event is clear response to DNA damage; however, the 

source and function of this modification remain unclear. The ubiquitination of proteins in 

response to DNA damage has been established for almost thirty years. The first example of 

this was found in yeast post-replication repair, which is the equivalent of human TLS. In 

this pathway, the ubiquitin E2 ligase Rad6 and E3 ligase Rad18 mono-ubiquitinate 

PCNA
533

. This mono-ubiquitination is detected by ubiquitin-binding modules on TLS 

DNA polymerases, which are switched-to from normal DNA polymerases in order to 

bypass a blockage to DNA replication
202,534

. In ICL repair, the mono-ubiquitination of 

FancD2 by Ube2T and FancL is required for FA pathway activation, while its 

heterodimeric partner FancI is also mono-ubiquitinated
506,510

. Histone H2B is mono-

ubiquitinated by a heterodimer of RNF20 and RNF40 in response to DSBs, in an ATM-

dependent manner. This ubiquitination is thought to promote chromatin condensation and 

efficient recruitment of NHEJ and HR factors
535,536

. Therefore, the presence of mono-

ubiquitination of proteins in TLS, ICL-repair, and DSBR has been well established, as has 

the functional importance of these modifications. The mono-ubiquitination of APL may be 

required to mediate its interaction with other DDR proteins. The macro domain of APL has 

been shown to be required for the constitutive association of APL with chromatin, and the 

macro domain region of APL is also required for the ubiquitination of the protein, either 

containing the ubiquitination site, or mediating an interaction with a protein necessary for 

the mono-ubiquitination event. One theory that would explain the current data is that the 

mono-ubiquitination of APL occurs when the protein is on chromatin. The damage-

induced enrichment of APL on chromatin appears to be independent of the ubiquitination, 

as this still occurs when the macro domain region of APL is deleted. Furthermore, if APL 

was ubiquitinated as a pre-requisite for its recruitment to chromatin, we would not observe 

the enrichment of the unmodified form of the protein on chromatin, and we do observe 
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this. Additionally, the mono-ubiquitination could directly impact the function of the macro 

domain, via conformational change or steric clash, either activating or abrogating its 

binding function.  

The mono-ubiquitination of APL was found to be independent of the E2- and E3-ubiquitin 

ligases known to be involved in the activation of the FA pathway in response to inter-

strand cross-links: Ube2T and FncL, and we have not yet identified which enzymes are 

responsible. APL has been associated with S-phase associated DNA damage, with DNA 

cross-links providing the strongest stimulus for its mono-ubiquitination. ICL-repair 

pathways all employ multiple DNA repair pathways to resolve ICLs, including TLS and 

DSBR, and APL may be ubiquitinated by proteins involved in these pathways. Homologs 

of the ubiquitin E2- and E3-ligases that mono-ubiquitinate PCNA in TLS, Rad6 and 

Rad18, have been automatically annotated in Dictyostelium. We hypothesise that these 

enzymes may be responsible for the mono-ubiquitination of APL, but we have yet to 

assess this. However, many of the other ubiquitin ligases in other organisms discussed here 

do not have clear Dictyostelium orthologs, and E2- and E3-ubiquitin ligase pairs act in a 

highly specific manner. Therefore, high-throughput methodologies may be required to 

identify the enzymes responsible. 

Investigation of the mono-ubiquitination of APL using an FK2 antibody (Figure 6.6A) also 

highlighted the possibility that APL is poly-ubiquitinated. Poly-ubiquitination of proteins 

has been shown to be a modification of paramount importance in several DNA repair 

pathways. In DSBR, the ubiquitin E3 ligase RNF8 catalyses the formation of ubiquitin 

chains to promote the assembly of repair proteins, including the additional ubiquitin E3-

ligase RNF168
537

. The ubiquitination of proteins by both RNF8 and RNF168, including 

H2AX in a DNA-damage specific manner on K13/15, leads to the recruitment or retention 

of many DSBR proteins on chromatin, including 53BP1, RAP80, BRCA1, and HERC2, 
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and thereby promotes both NHEJ and HR
538–544

. Furthermore, FAAP20, a component of 

the FA core complex, contains a ubiquitin-binding domain, and ubiquitination by RNF8 

and its partner UBC13 is required for the recruitment of FAAP20 (and the FA core 

complex) to inter-strand cross-links
545

. Poly-ubiquitination of APL could indicate that it 

serves as a docking site for other DDR proteins with ubiquitin-binding domains, or that it 

is degraded, depending on the ubiquitin linkage. Additionally, it is not clear if the mono-

ubiquitination and poly-ubiquitination are sequential or separate events, as we were unable 

to abrogate the mono-ubiquitination event by deletion of ube2T and fncL genes. From the 

examples given previously, RNF8 and RNF168 are strong candidates for catalysing the 

DNA cross-link-dependent ubiquitination of APL. However, orthologs of these two 

proteins have not yet been identified in Dictyostelium.  

Analysis of cisplatin-treated whole-cell extracts revealed a high molecular weight species 

of APL, which cannot be explained by dimerisation or the addition of a single ubiquitin 

molecule or other known single-molecule post translational modification (Figure 6.7). 

Additionally, this band is not detected by the FK2 antibody following co-

immunoprecipitation of Myc-APL, suggesting that this is not a poly-ubiquitinated form of 

APL. Interestingly, the induction of this high molecular weight form of APL is dependent 

on the ubiquitin E2-ligase Ube2T, but not its known E3 partner FncL (Figure 6.8). This 

indicates an indirect dependence of the modification on ubiquitination, potentially the 

poly-ubiquitination of APL, which we haven’t assessed in the ube2T
- 
background. Other 

post-translational modifications that may be responsible for the higher molecular weight 

band are PARylation and SUMOylation, although the presence of one distinct band and 

lack of characteristic smearing detected by the anti-Myc antibody would argue against 

these possibilities. PARylation and its role in DNA repair have been discussed previously, 

and it has not previously been implicated in the repair of cisplatin-induced damage. 
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However, while the PAR-binding nature of APL in vitro might implicate PARylation in 

the repair of DNA cross-links in Dictyostelium, the PARylation of APL itself would be 

mechanistically interesting, and unexpected. If APL is PARylated, it may serve as some 

kind of adaptor or amplifier of the PARylation signal, depending on the behaviour of its 

domains; however, there are no direct comparisons of this behaviour in human PAR-

binding proteins. Human SNM1a contains a PBZ domain that is predicted to bind to PAR, 

which implicates PARylation in ICL-repair
241

. However, this domain has not been 

experimentally characterised. SUMOylation is also implicated in several DNA repair 

pathways, including BER, HR and NHEJ
546–550

. Analysis of the amino acid sequence of 

APL reveals a putative SUMOylation site in the macro domain region of the protein 

(K437)
551

. It is unclear, due to the presence of background bands, if the high molecular 

weight band is present in extracts from cells expressing APL-ΔMACRO only, which lacks 

the putative SUMOylation site. The E439A mutation (M*) is predicted to disrupt the 

consensus motif of the SUMOylation site (ΨKXD/E, where Ψ is a hydrophobic residue, K 

is the SUMOylated lysine, X is any amino acid, and D/E is an acidic residue); however, 

this mutation is not observed to abrogate the induction of the high molecular weight, 

damage-induced band
551

. These data suggest that this band is not a SUMOylated form of 

APL, although we have not yet assessed this directly by Western blotting. A further 

explanation of this band would be the conjugation of a large protein to APL, in a manner 

analogous to ubiquitination and SUMOylation. While a post-translational modification 

involving the conjugation of such a large protein has not previously been observed, the 

existence of such a modification should not be excluded at this stage. 

So far, we have addressed the modification and potential mechanism of chromatin 

association of APL, but we have not been able to identify specifically where and when 

APL acts in DNA repair. The strongest stimulus of both the modification of APL, and its 
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enrichment on chromatin, has been cisplatin. Cisplatin induces primarily intra-strand 

cross-links, with as low as 1% induced inter-strand cross-links reported as a result of 

exposing DNA to this chemical
461,462

. The repair of intra-strand cross-links has been shown 

to be performed by the NER pathway; however, the data gathered on APL following 

cellular exposure to 4-NQO suggests that APL is not functional in this pathway
552

. 

Therefore, it is likely that APL functions in the repair of inter-strand cross-links. APL is 

also modified in response to DSBs, and enriched on chromatin following the induction of 

replication-associated DSBs. This is not a contradictory observation, as DSBs are known 

intermediates of ICL repair (Figure 6.1)
468,553

. We assessed the mono-ubiquitination state 

of APL in cells deficient in FncD2 ubiquitination (fncL
-
 and Ube2T

-
), and found that it was 

unperturbed in these strains
347

. This suggests that APL is not a FA protein, as the FA 

pathway is not active in these strains, unless APL mono-ubiquitination occurs upstream of 

FncD2 mono-ubiquitination. We have not investigated the ubiquitination of FncD2 in apl
-
 

cells; however, we would expect this to be normal as apl
-
 cells do not bear the survival 

defect associated with FA-deficient cells. If APL does function upstream of FncD2 mono-

ubiquitination, it is dispensable for FA pathway activation. A more likely hypothesis 

would be that APL functions in an ICL-repair pathway independent of the FA pathway. 

The comparison between human SNM1A and APL has already been made, as both 

proteins contain a PBZ domain. However, APL does not contain any domains that would 

infer nuclease activity, although it may serve to recruit additional nucleases for this 

purpose. If APL does act in an alternative pathway for ICL repair, we hypothesised that the 

repair activity of the FA pathway may be masking the deficiency resulting from apl 

deletion. However, deletion of the apl gene in FA-deficient cells did not further sensitise 

those cells to cisplatin. Therefore, if APL does function in an alternative pathway for ICL 

repair, its contribution is either too minor to be detected by our assay, or it may be 
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redundant. An ICL repair deficiency of apl
-
 cells may also be uncovered by treating cells 

with an alternative ICL-inducing agent, such as the alkylating chemical nitrogen mustard 

(HN2), as this would avoid the large variation associated with using cisplatin.    

One hypothesis that would account for the lack of a survival defect associated with loss of 

APL is that APL functions in a sub-pathway of ICL-repair that mediates the resolution of 

intermediate DSBs by NHEJ. In the current model of ICL-repair, HR is responsible for the 

repair of the majority of DSB intermediates, which would imply that the requirement for 

APL in this process would only become apparent in HR-deficient cells. The FHA domain 

of APL is predicted to interact with XRCC4, and this interaction may be required to recruit 

NHEJ factors specifically to the intermediates of ICL repair. So far, we have made the 

assumption that the mono-ubiquitination of APL activates or promotes the activity of the 

protein, while it could function to suppress it in response to DNA lesions that would be 

better repaired by HR. In yeast, NHEJ has been shown to be involved in the resolution of 

DSB intermediates; however, this function is only detectable in HR-deficient cells
553

. 

NHEJ has also been implicated in ICL-repair in yeast pso2
-
 cells

492
. Mammalian cells do 

not appear to be dependent on NHEJ for the resolution of such lesions, despite a minority 

of conflicting reports
489,554,555

. Furthermore, it is also reported that NHEJ is toxic to FA-

deficient cells
529,530

. However, we did not observe a significant increase in survival of apl
-

fncD2
-
 cells compared to fncD2

-
 cells. 

The data obtained on APL so far may also indicate a role for APL in TLS, which would 

explain the enrichment of APL on chromatin in response to cisplatin and camptothecin, 

and would also account for the weak mono-ubiquitination of APL in response to cell-cycle 

independent DSBs, as only 5-10% of cells in a vegetative Dictyostelium population are in 

S-phase
330

. The process of TLS (or post-replicative repair) is reliant on the ubiquitination 

of PCNA in yeast and humans, and has also been recently linked to ADP-ribosylation in 
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humans by the implication of ARTD8 and its macro domains
35,202

. The macro domain of 

APL may bind to MARylated proteins at sites of stalled replication forks, which would 

also be present during the repair of ICLs in S-phase. Despite the knowledge gained in this 

chapter, further work on the function of APL is required to determine its role in the DDR.  
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7. General discussion  

 

In this thesis, we adopted an in silico approach to identify Dictyostelium proteins with 

previously unannotated PAR-binding domains, as we hypothesised that the presence of 

such domains may infer that the protein is involved in the DDR in this organism. This 

hypothesis was formed after considering the example of the NHEJ protein Ku70. The 

Dictyostelium ortholog of Ku70, has a C-terminus PAR-binding PBZ domain, and the role 

of this domain is to aid the stability and retention of NHEJ factors at DSBs
360

. Human 

Ku70 has no PBZ domain, and the stability of NHEJ proteins at DSBs in this organism is 

mediated by tandem PBZ domains in APLF, an ortholog of which has not been identified 

in Dictyostelium
15

. The presence of these PBZ domains on different proteins in the two 

organisms, but performing the same function, led us to speculate the search for 

unannotated PAR-binding domains in proteins might uncover novel DDR proteins. 

The in silico search focused on two of the known PAR-binding modules: the PBZ and the 

macro domain. In humans and Dictyostelium, PBZ domains have so far been identified 

exclusively in DNA repair and cell-cycle regulating proteins, and those which have been 

experimentally characterised have all displayed PAR-binding activity
162,386,466

. Before this 

study, three human and seven Dictyostelium proteins had been identified to contain these 

domains, and while we replicated this result, we were unable to identify any novel PBZ 

domains
241

. In contrast, macro domains comprise a diverse superfamily, which members 

have been shown to bind to multiple ligands, including multiple forms of ADP-

ribose
246,247

. Macro domains also do not obey a strict consensus motif, thereby justifying 

the employment of advanced bioinformatics tools incorporating profile-HMMs. Utilising 

this approach, we identified three Dictyostelium and one human protein with previously 
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unannotated macro domains. Despite these findings, the human genome still encodes an 

elevated number of macro domain containing proteins when compared to Dictyostelium: 

eleven to six, and even more individual macro domains as the three macroPARPs each 

contain at least two of these domains
28

. This suggests that either human cells are more 

reliant on the use of macro domains, or that macro domains with higher sequence 

divergence in the Dictyostelium genome are yet to be identified. The opposite case is true 

for PBZ domains; however, the strict consensus sequence of this domain makes it less 

likely that proteins containing this domain remain unannotated.   

The proteins identified to contain previously unannotated macro domains in Dictyostelium 

were DNA Ligase III (Lig3), APL, and Q54R54. Although at this stage uncharacterised in 

this species, the role of Lig3 in DNA repair in humans is well known, and APL displayed 

homology of its FHA domain with the human DDR proteins APTX, PNKP and 

APLF
89,188,235,430

. Therefore, both proteins were taken forward for experimental analysis. 

Interestingly, the macro domain of APL appeared to have undergone a circular 

permutation, but predictive modelling of this domain using the solved structure of human 

MACROD1 as a template suggested that the domain was still functional
377,402

. The first 

stage of the analysis was to investigate if the macro domains of these two proteins 

displayed PAR-binding activity in vitro, which they both did in isolation. This observation 

led to characterisation of both proteins in the DDR in Dictyostelium.  

The human protein Q9NQ89 was also identified to contain a macro domain, and appeared 

to be an ortholog of Q54R54 due to the level of homology of their macro domains. 

However, the lack of any additional identifiable domains of known function in these two 

proteins led to them not being experimentally characterised in this thesis. Regardless of 

this, the function of these proteins is certainly worth further study. However, as macro 
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domains are implicated in multiple cellular processes, investigations may be required 

outside of the context of DNA repair. 

In this in silico approach, the motif first identified to bind PAR, the PBM, was excluded 

because its consensus motif was too short for current homology searching techniques. 

These algorithms would be unable to distinguish between true and false positives in the 

results
399

. Furthermore, the WWE domain was not considered as it is commonly 

encountered in protein degradation pathways, not DNA repair
242

. However, as is 

highlighted by the apparent stronger reliance of Dictyostelium on PBZ domains, and 

human cells on macro domains, Dictyostelium may utilise PAR-binding WWE domains 

for novel functions, perhaps mediating some aspects of the DDR of this organism. Overall, 

these data validate the in silico methods applied, as both of the domains that we assessed 

displayed PAR-binding activity, and this was the criteria for our search.  

In humans, Lig3α, the nuclear isoform of Lig3, is implicated in SSBR and alt-NHEJ, and 

we hypothesised that Lig3 in Dictyostelium would act in the same DNA repair pathways. 

We observed the enrichment of recombinant Myc-Lig3 to chromatin following base 

alkylation, indicating a role for the protein in the BER/SSBR pathway. However, we have 

yet to address the role of the macro domain in this function. In humans, the recruitment of 

Lig3α to DNA SSBs is mediated by XRCC1
69

. Lig3α and XRCC1 exist in a heterodimer, 

and XRCC1 interacts with PARylated ARTD1 at the DNA lesion, thereby recruiting Lig3α 

to SSBs
34,68

. The interaction between Lig3α and XRCC1 is mediated by the BRCT domain 

of Lig3α
303,427

. Dictyostelium Lig3 has two BRCT domains, and it is likely that these also 

mediate an interaction with XRCC1 to localise Lig3 to DNA SSBs. Therefore, we cannot 

currently state that the macro domain of Lig3 is responsible for the enrichment of the 

protein on chromatin, as there are multiple potential modes of recruitment. The 

identification of point mutations that abrogate the PAR-binding ability of the macro 
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domain will allow us to address this question. Furthermore, the interaction of the macro 

domain of Lig3 and PAR chains in vivo may serve to stabilise the protein, and SSBR-

complexes, on chromatin, in a manner analogous to the PBZ domain of Ku70 in NHEJ
360

. 

In this case, cells expressing Lig3 macro domain-mutants only may display slower repair 

kinetics. However, the in silico analysis suggested that the macro domain of Dictyostelium 

Lig3 displayed strongest homology to that of human ALC1, the macro domain of which is 

required for its recruitment to sites of DNA damage
250

. This may imply that the role of the 

macro domain in Lig3 is for direct recruitment to DNA breaks, if the function has been 

conserved.  

It has recently been suggested that human Lig3α is directly recruited to DNA breaks in an 

ARTD1-independent manner
86

. Lig3α also contains a PARP-type zinc finger domain, 

which displays specificity for binding DNA nicks (whereas the second zinc finger of 

ARTD1 has higher binding affinity for DNA gaps)
68,446,556

. It was proposed that Lig3α 

would be recruited to a subset of SSBs through an interaction of this zinc finger domain. 

This was supported by the observation of recruitment of Lig3α to SSBs in the absence of 

XRCC1
86

. Dictyostelium Lig3 does not have a zinc finger domain, or any annotated DNA-

binding motif, and therefore lacks this potential avenue for recruitment to SSBs. The 

presence of a PAR-binding macro domain may indicate an alternative mode of recruitment 

of this protein, albeit displaying a stronger reliance on PARylation, which may indicate 

functional differences in SSBR in this organism. Putative PAR-binding domains have been 

identified in Lig3 homologs in a range of species, indicating that the binding of Lig3 to 

PARylated proteins through specific domains may be conserved
400

. A PBM has been 

identified in human Lig3α, and this protein has been shown to interact directly with 

PARylated ARTD1 in vitro. However, this binding was not solely dependent on the PBM, 

and the physiological relevance of this interaction has not been ascertained
244

. 
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Superficially, the presence of a direct interaction of Lig3α with PARylated ARTD1 would 

question the necessity of XRCC1 for the recruitment of Lig3 to SSBs; however, the role of 

XRCC1 in this has been strongly characterised
69,429,557

. This may indicate that the PAR-

binding of Lig3α is only required in alt-NHEJ, where XRCC1 has been shown to be 

dispensable
171

. Therefore, the study of the macro domain of Lig3 could yield novel 

mechanistic details about the function of Lig3α in different repair pathways. 

In a separate approach, we also investigated the role of Lig3 in the DDR by assessing the 

survival of lig3
-
 strains to exposure to genotoxic agents

88,179
. Deletion of lig3 is lethal in 

humans due to the requirement for the mitochondrial isoform Lig3β; however, the 

presence of a bacterial LigA homolog in Dictyostelium indicated that Lig3 may not be 

localised to the mitochondria in this organism
87–89

. In humans, cells depleted of nuclear 

Lig3α do not display elevated sensitivity to the induction of SSBs or DSBs, which is 

thought to be due to redundancy with Lig1. We hypothesised that the different domain 

structure of Lig3 in Dictyostelium may reduce the level of redundancy between the two 

proteins. However, lig3
-
 cells did not display survival defect in response to either SSBs or 

DSBs, in agreement with the data obtained from human cells. The role of alt-NHEJ is 

uncovered in NHEJ- or HR-deficient cells, and the NHEJ factor Ku70 competes with 

ARTD1 to promote classical NHEJ over alt-NHEJ
107,177,189

. Therefore, we assessed the 

effect of lig3 deletion in cells with compromised DSBR pathways. However, the deletion 

of lig3 had no effect on the survival of these cells. We had hypothesised that the macro 

domain of Lig3 may be responsible for mediating interactions with ARTD1 in this repair 

pathway, and this interaction may be specific to Lig3, as Lig1 does not have any annotated 

PAR-binding domains. However, these data are indicative that Lig1 may be able to act in a 

completely redundant manner with Lig3 in Dictyostelium, in both SSBR and alt-NHEJ, 

which correlates to the observations in other species
88,179

. Unlike SSBR, in which we have 
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observed that Lig3 is enriched on chromatin following SSB induction, we do not have any 

experimental evidence in Dictyostelium that Lig3 is involved in alt-NHEJ. However, the 

level of conservation of DNA repair pathways in Dictyostelium in general is suggestive 

that this pathway is operational, and probably uses a similar set of protein orthologs to the 

human pathway
441

.  

The lack of a survival phenotype of lig3
-
 cells means that the role of the macro domain of 

Lig3 cannot be investigated in this context. One approach to assess the role of Lig3 is to 

perform the experiments in a lig1
-
 genetic background; however, the lig1

-
lig3

-
 double 

knock-out is believed to be lethal. Therefore, the generation of a conditional knock-out of 

Lig3 may be required to proceed with the investigation of the function of the macro 

domain of Lig3. It has been proposed that the Lig1 and Lig3 act in two sub-pathways of 

alt-NHEJ, as opposed to both performing the same function in a single pathway. These 

sub-pathways are distinguishable by the use of local microhomology to facilitate repair, as 

Lig3 is thought to repair DSBs in this manner more than Lig1
180

. Therefore, the use of 

plasmid-based assays and sequencing could be employed to determine the relative 

contribution of Lig1 and Lig3 in DSBR, and ultimately the role of the macro domain in 

this process.  

We also experimentally characterised a second Dictyostelium protein in this thesis, APL. 

APL was identified to contain a C-terminus macro domain, in addition to a PBZ domain 

that had already been annotated
241

. Furthermore, it contains an N-terminus FHA domain 

that displays high levels of homology with the FHA domains of APTX, PNKP and APLF, 

which interact with XRCC1 and XRCC4, in SSBR and DSBR, respectively
161,454–456

. Both 

the macro domain and the PBZ domain of APL were identified to bind to PAR chains in 

isolation, in vitro. However, deletion of the macro domain from full-length APL had a 

negligible effect on the overall PAR-binding of the protein, suggesting that the PBZ 
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domain is dominant in this regard. The macro and PBZ domains may cooperate in PAR-

binding, as in the case of the tandem PBZ domains of APLF, to increase the overall 

binding affinity of APL to PAR
268

. However, we have not considered the full range of 

forms of ADP-ribose that macro domains have been shown to bind
247

. For example, the 

macro domain of APL may have a stronger binding affinity for single ADP-ribose units 

than PAR chains, and may be its in vivo binding target. This would be supported by our in 

silico study, which indicated that the macro domain of APL displayed strongest homology 

to the first and second macro domains of ARTD8. The second macro domain of ARTD8 

binds to MAR
407

. Furthermore, the homology of APL to this region of ARTD8 suggested a 

mechanism by which the circular permutation of the macro domain may have arisen, in a 

manner analogous to the gene duplication model described earlier, in which two adjacent 

genes become one through the introduction of stop codons by mutation
401,402

. 

The characterisation of APL in the DDR in Dictyostelium began with the evaluation of the 

sensitivity of apl
-
 cells to various forms of DNA damage. However, no survival defect was 

detected compared to parental Ax2 cells in response to any of the genotoxic agents 

applied. While these data indicate that APL is not a vital member of the DNA repair 

pathways activated by the genotoxic agents, it does not exclude APL from the DDR as it 

may act redundantly with another protein or pathway. Therefore, we assessed the 

enrichment of recombinant Myc-APL on chromatin following different forms of DNA 

damage, and we observed that it was enriched following treatment with cisplatin and 

camptothecin. Cisplatin induces intra- and inter-strand cross-links; however, Myc-APL 

was not enriched on chromatin following 4-NQO treatment, indicating that the inter-strand 

cross-links induced by cisplatin were most likely responsible for the observed enrichment 

of Myc-APL
461,462

. Both inter-strand cross-links and the S-phase associated DSBs induced 

by camptothecin result in stalled replication forks in S-phase, implicating APL in the 
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response to replication-associated damage
472,558

. ARTD8 has been implicated in mediating 

HR at stalled replication forks, and ARTD10 has been shown to interact with PCNA
35

. 

Additionally, depletion of ARTD10 results in cellular sensitivity to inter-strand cross-links 

and replication stress in HeLa cells, which is an overlap with the types of damage that 

result in APL enrichment on chromatin
37

. ARTD1 and ARTD2 have also been shown to 

facilitate HR at stalled replication forks, and replication fork restart
16

. Therefore, ADP-

ribosylation has been implicated in S-phase associated DNA repair in humans. 

Furthermore, no protein with the domain structure of APL has been identified in humans, 

and the predicted function of the protein inferred from its FHA domain is not S-phase 

associated damage, making APL a novel protein in many regards. 

The expression of recombinant domain deletion or mutation versions of APL in cells 

further elucidated the behaviour of APL. Observing the chromatin enrichment of these 

mutants indicated two forms of association of Myc-APL with chromatin: constitutive and 

inter-strand cross-link induced. The constitutive interaction was abrogated completely by 

deletion of the macro domain region of APL (Myc-APL-ΔMACRO); however, this 

deletion did not completely abrogate the damage-induced enrichment of Myc-APL on 

chromatin. The damage-induced enrichment was reduced by mutation of either the macro 

domain (E439A), which was predicted from structural modelling to be the equivalent 

acidic amino acid as D160 in MACROD1 and D723 in ALC1, or the PBZ domain. These 

data are slightly conflicting, as it would be expected that macro domain deletion and 

mutation would result in the same phenotype, but this is not observed. One theory would 

be that the macro domain mediates two interactions with chromatin, and the E439A 

mutation only abrogates one of these. We have not yet determined whether the damage-

induced enrichment of Myc-APL-ΔMACRO is reduced compared to the full-length 

protein, as this may indicate that the macro domain deletion has the same effect as the 



 

223 

mutation in this regard. However, the reduction of the enrichment of the PBZ domain 

mutant indicates that PARylation may be involved in the recruitment of APL to chromatin 

in response to inter-strand cross-links, as no alternative function of a PBZ domain has yet 

been discovered. PARylation has not been directly implicated in inter-strand cross-link 

repair. In humans, the inter-strand cross-link repair factor SNM1a contains a PBZ domain; 

however, the role of this domain in the function of SNM1a has not yet been 

established
241,466

.  

The post-translational modification of proteins is well known to be a vital component of 

the DDR, where they are observed to mediate DNA damage signalling and protein-protein 

interactions. We have observed that APL undergoes mono-ubiquitination, and weak poly-

ubiquitination, in response to cisplatin treatment. We have also observed weaker mono-

ubiquitination of APL in response to DSBs. These damage-induced post-translational 

modifications indicate that the function of APL is altered upon DNA damage, further 

implicating this protein in the DDR in Dictyostelium. These data indicate that the mono-

ubiquitination and enrichment of APL on chromatin are both stimulated by DNA inter-

strand cross-links induced by cisplatin, despite very weak induction of the mono-

ubiquitinate species observed in response to 4-NQO treatment. In the FA pathway, FancD2 

is mono-ubiquitinated by Ube2T and FancL; however, we have shown that these proteins 

are not required for APL mono-ubiquitination, indicating that APL may not act in the FA 

pathway
499,504

. Ubiquitination has also been strongly linked to TLS and HR, which are 

utilised as sub-pathways in the repair of DNA inter-strand cross-links. In TLS, the 

ubiquitin E2- and E3-ligases Rad6 and Rad18 mono-ubiquitinate PCNA to facilitate 

polymerase-switching
190,202

. Orthologs of these proteins have been identified in silico in 

Dictyostelium, and they are strong candidates for mediating the mono-ubiquitination of 

APL. Moreover, RNF8 and Ubc13 have been implicated in ubiquitinating proteins in the 
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repair of inter-strand cross-links
545

. Furthermore, RNF8 and RNF168 ubiquitinate targets 

in response to DNA DSBs, leading to the recruitment of HR factors, such as 

BRCA1
538,541,544

. In HR, BRCA1 acts as ubiquitin E3-ligase in a heterodimer with 

BARD1, and this function is required for the recruitment of BRCA2 and Rad51
559

. 

However, orthologs of RNF168 and RNF8 have not been identified in Dictyostelium. The 

mono-ubiquitination of APL may mediate its interaction with other DNA repair factors, 

which might explain why we did not observe any interacting proteins co-

immunoprecipitating with recombinant Myc-APL in response to various forms of DNA 

damage, as the vast majority of APL is unmodified in these assays. We also observed a 

cisplatin-induced, high molecular weight form of APL, with was abrogated following 

deletion of ube2T, but not fncL. While the function of Ube2T and FncL in mono-

ubiquitinating FncD2 is conserved in Dictyostelium, the disappearance of the high 

molecular weight form of APL in ube2T
-
 cells only suggests that Ube2T has an alternative 

ubiquitin E3-ligase partner in Dictyostelium
347

. However, we have not yet been able to 

identify what this form of APL is, or its functional importance in the response to DNA 

damage.  

The mono-ubiquitination of APL was observed to be abrogated by deletion of its macro 

domain. This indicates that either the ubiquitination site of APL is situated within the 

macro domain, or that an interaction mediated by the macro domain is required for 

ubiquitination of APL. There have been no previous reports of ubiquitination occurring 

within, or affecting the function of a macro domain, which suggests further novelty of 

APL if this is shown to be the case. PARylation and ubiquitination pathways have 

previously been linked in PARylation-dependent ubiquitination (PARdU). WWE domains 

have been identified in ubiquitin E3-ligases, such as RNF146, which is recruited to 

PARylated proteins through its WWE domain, and subsequently ubiquitinates these 
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proteins, resulting in their degradation
242,285–287

. APL may also be ubiquitinated in a 

PARylation-, or ADP-ribosylation-dependent manner, if such modifications are shown to 

be the in vivo binding partners of the macro domain of APL. Inactivation of the PBZ 

domain of APL by mutation did not abrogate the mono-ubiquitination of the protein. 

However, the role of the FHA domain of APL has not yet been elucidated. The FHA 

domain was predicted to bind to SSBR and NHEJ proteins in a phospho-specific manner; 

however, the implication of APL in the repair of DNA inter-strand cross-links or S-phase-

associated DSBs suggests that it may bind to novel protein targets. NHEJ has been 

implicated in the repair of inter-strand cross-links in yeast, but is only required for survival 

in the absence of HR, which might account for the lack of sensitivity of apl
-
 cells to inter-

strand cross-links
553

. Nevertheless, we are yet to assess whether interactions mediated by 

the FHA domain of APL are responsible for the ubiquitination of the protein.  

Overall, the search for novel PAR-binding, DNA repair proteins in Dictyostelium yielded 

two candidates that were both shown to bind to PAR in vitro, and that gave indications that 

they are involved in the DDR in experimental assays. Both Lig3 and APL do not appear to 

be required for the survival of exposure to genotoxic agents in the conditions tested, 

suggesting some level of redundancy is present. Particularly in the case of APL, the lack of 

a survival defect of apl
-
 cells to DNA inter-strand cross-links is a significant barrier to 

further investigation of this protein in the DDR.  However, both Lig3 and APL are 

enriched on chromatin following DNA damage, and APL is also ubiquitinated in a DNA 

damage-dependent manner. While these data are promising, we have not yet ascertained 

the role of PARylation in the function of these proteins in the DDR, which could provide 

novel insights into human DNA repair. 
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9. Appendix 

 

9.1. Appendix A: Primer Sequences 

Regions of the primers sequences containing restriction sites are italicised, whereas regions 

encoding epitope tags are underlined. 

 

General screening primers 

EX1L 

5’-AACTGCAGGTGTCATCAGAATCTAGTGTACTAGAATC-3’ 

EL1R 

5’-AAGGATCCCACGTGATGAAAATGATTTCCTTGATTG-3’ 

BSRF 

5’-GAAGTTATCATATGCCGCATGG-3’ 

BSRR 

5’-ATGCTATACGAAGTTATCCGTGG-3’ 

 

Generating Lig3 constructs 

GST-Lig3-MACRO-L (BamHI) 

5’-CCGGATCCATGTTAAAATTTGTTAGTGATG-3’ 

GST-Lig3-MACRO-R (XhoI) 

5’-GGCTCGAGTTATGAATGTACAAATACTTTAATAC-3’ 

Myc-Lig3-L (KpnI) 

5’-AAAGGTACCGAACAAAAATTAATTTCAGAAGAAGATTTAATGTCAGAGGATAAATCAGGATCAT-3’ 
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Myc-Lig3-R (XhoI) 

5’-AAACTCGAGTTAGAAAAGTTTATAATTTTTTACATCTAAAAGATCACTC-3’ 

 

Disruption of the lig3 gene and screening 

LLA1 

5’-TGGTATGGATCCAGTTACAAGAGG-3’ 

LLA2 (PstI) 

5’-CTGCAGCACATAATTTATACATTGAGTAAAATGATCCTG-3’ 

LRA1 (ClaI) 

5’-ATCGATAACAGCAACAACAAGAACCATC-3’ 

LRA2 (KpnI) 

5’-GGTACCGAACCAAAACATTGATCAACCC-3’ 

L3I1 

5’-TGATAATGATAATGGTGATGGCG-3’ 

L3I2 

5’-CACCATTAACAATTGTCACCTCAG-3’ 

L3LA 

5’-GGTATTGGTAGAATTGGTATTGTAGGTTG-3’ 

L3RA (XhoI) 

5’-AAACTCGAGGTAGAAAAGTTTATAATTTTTTACATCTAAAAGATCACTC-3’ 

 

Generating APL constructs 

GST-APL-L (BamHI) 

5’-AAAGGATCCATGAAAAAAATAAATAATTGTTTAAATATTAAATGTAT-3’ 

GST-APL-R (XhoI) 

5’- GCAACTCGAGTTATTCAATTTGATCGAATAAGTCATC-3’ 
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Myc-APL-L (BamHI) 

5’-AAAGGATCCGAACAACCCTTAATTTCAGAAGAAGATTTAATGAAAAAAATAAATAATTGTTTAAATATT 

AAATGTAT-3’ 

Myc-APL-R (XbaI) 

5’-GCAATCTAGATTATTCAATTTGATCGAATAAGTCATC-3’ 

 

Screening of apl- cells 

APL1 

5’-GGTATTAATCCATCATACTTAAAGAAAGC-3’ 

APL2 

5’-GAACTGTATTTTGTACTTTTGAACCTG-3’ 

CHK1 

5’-TCAGAAGAATTACTACTGCTACCACTAC-3’ 

CHK2 

5’-TGTACCCTTAATTAAATTCCCAA-3’ 

 

Disruption of the fncD2 gene and screening 

FLA1 

5’-GAGAAATCGATTGAAGTTGATGG-3’ 

FLA2 (HindIII) 

5’-TTTAAGCTTAAGAACAAGGTGTATCATATAAACGTTG-3’ 

FRA1 (PstI) 

5’-AAACTGCAGGAATTGGAAGAAGAATATGATGCTAGC-3’ 

FRA2 (BamHI) 

5’-TTTGGATCCCTTTGAGAACCTAAGCTATCGCC-3’ 

 



 

269 

D2I1 

5’-ATCATTTAAAATCTCTGTTGTTGATCC-3’ 

D2I2 

5’-GAGTCTATATTAGAATTAGCATTATCACCAGTCAG-3’ 

FD2L 

5’-GAAACTTCTAATTTCGATAATAATGAATCCC-3’ 

FD2R 

5’- AATCAATCATTGTGTTTAGCAGTGG -3’ 

 

 


