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Abstract 
 
The structure-specific endonuclease XPF-ERCC1 participates in multiple DNA damage repair 

pathways including nucleotide excision repair (NER) and inter-strand crosslink repair (ICLR). 

How XPF-ERCC1 is catalytically activated by DNA junction substrates is not currently 

understood. Initial efforts to purify and characterise XPF-ERCC1 used negative stain electron 

microscopy and involved the addition of an EM-visible label to mark the C-terminal tail of XPF. 

Subsequently, cryo-electron microscopy structures of both label-free DNA-free and DNA-

bound human XPF-ERCC1 were solved. DNA-free XPF-ERCC1 adopts an auto-inhibited 

conformation in which the XPF helical domain masks ERCC1 DNA-binding elements and 

restricts access to the XPF catalytic site. Binding of a model DNA junction separates the XPF 

helical and ERCC1 (HhH)2 domains, promoting activation. Using these structural data, we 

propose a model for a 5’-NER incision complex involving XPF-ERCC1-XPA and a DNA 

junction substrate. Our mutational data suggest xeroderma pigmentosum patient mutations 

compromise the structural integrity of XPF-ERCC1. Fanconi anaemia patient mutations 

display substantial in vitro activity but are resistant to activation by ICLR recruitment factor 

SLX4. In addition, a low-resolution structure of the functionally uncharacterised (XPF-

ERCC1)2 heterotetramer was solved indicating substantial intrinsic flexibility. These data 

provide insights into XPF-ERCC1 architecture, catalytic activation and mechanisms 

underlying patient mutations.  
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Impact statement 
 
The work described in this thesis significantly expands upon the current knowledge regarding 

the XPF-ERCC1 endonuclease. The high-resolution structure of DNA-free XPF-ERCC1 

reveals a number of previously uncharacterised protein-protein interfaces that can now be 

targeted by small molecule inhibitors. The rational design of protein-protein interaction 

inhibitors has the potential to overcome historic challenges associated with targetting the XPF 

active site. Such compounds may be able to potentiate the efficacy of platinum-based 

chemotherapeutics. The design of more sensitive in vitro XPF-ERCC1 assay substrates will 

assist in future small molecule screening efforts. 

 

The DNA-free structure of XPF-ERCC1 also reveals a hitherto unknown mechanism of 

nuclease autoinhibition, brought about by the N-terminal domain of XPF. This finding will 

stimulate the nuclease field and encourage future work to determine whether the N-terminal 

domains of other XPF/MUS81 family members also contribute to autoinhibition. In solving a 

DNA-bound structure of XPF-ERCC1, the mechanism of activation was revealed. This 

structure also enabled the reconstitution of a 5’ incision complex in-silico which predicts 

extensive contacts between the constituent proteins. This will inform future experiments aimed 

at producing a cryo-EM reconstruction of this vital stage in DNA repair.  

 

Initial structural methods utilised a multiprotein domain label in order to assist in the electron 

microscopy. These experiments will help future researchers who wish to label specific 

domains within a protein for structural studies. Later work using unlabelled XPF-ERCC1 

pushed the boundaries of what is possible for a small protein in cryo-EM and represents a 

methodological advance.  
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USP7 Ubiquitin carboxyl-terminal hydrolase 7 

UV Ultraviolet 

UVSSA UV stimulated scaffold protein A 

WD40 Beta-transducin repeat 

XP  Xeroderma pigmentosum 
XPA DNA repair protein complementing XP-A cells 
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XPAB2 DNA repair protein complementing XP-A cells binding protein 2 
XPB  General transcription and DNA repair factor IIH helicase subunit XPB 

XPC DNA repair protein complementing XP-C cells 

XPD General transcription and DNA repair factor IIH helicase subunit XPD 
XPF DNA repair endonuclease XPF 

XPG DNA repair protein complementing XP-G cells 

 

All units are standard SI units except Å (1 x10-10 m) and Da (~1.661x10-24 g). 
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Chapter 1. Introduction 

1.1 The DNA damage response  
 
1.1.1 Mechanisms of DNA damage  
Eukaryotic genomes are under constant assault from endogenous cellular metabolites and 

exogenous DNA damaging agents that alter the primary chemical structure of DNA (Figure 

1.1). These alterations can lead to DNA base changes or more dramatic genomic aberrations 

including deletions, translocations, fusions and aneuploidy1. Genomic stability must be 

maintained in order to ensure faithful DNA replication and transcription in proliferating cells.  

 

Metabolic processes produce endogenous DNA damage agents including reactive oxygen, 

nitrogen and carbonyl species, lipid peroxidation products and alkylating agents, amongst 

others2 (Figure 1.1). These agents alter the chemical structure of DNA bases leading to 

genetic mutation. The oxidatively modified base 8-oxo-guanine base-pairs preferentially to 

adenine rather than cytosine resulting in a G-C to T-A purine-pyrimidine transversion following 

replication3. This same mutation occurs following the spontaneous deamination of 5-

methycytosine to thymine glycol, initiated by reactive oxygen species (ROS)4. In addition, ROS 

can initiate chain reactions with unsaturated lipids that produce species capable of forming 

DNA alkylation adducts5. Endogenous DNA damaging agents give rise to depurination and 

depyrimidination events as well as the generation of O6-methylguanines and double-strand 

breaks6. Considering all these types of DNA damage, a single cell experiences up to 105 

spontaneous DNA damage events each day7.  

 

Environmental DNA damage is caused by both physical and chemical sources (Figure 1.1). 

Physical sources include ultraviolet (UV) radiation from sunlight which gives rise to pyrimidine 

dimers and 6-4 photoproducts at a rate of up to 105 per cell per day7. These adducts distort 

the canonical B-type DNA backbone and block the progression of both RNA and DNA 

polymerases, leading to genomic instability. UV radiation is able to cause further damage 

indirectly by generating reactive oxygen species. Ionising radiation, either naturally occurring 

or from radiotherapy, oxidise DNA bases and generate both single-strand (ss) and double-

strand (ds) DNA breaks8. Exogenous alkylating agents such as methyl-methanesulfonate 

(MMS) methylate DNA on N7-deoxyguanosine and N3-deoxyadenosine which leads to the 

stalling of replication forks9. DNA synthesis is similarly inhibited by the action of crosslinking 

agents including cisplatin, mitomycin C (MMC) and psoralen which covalently link bases either 

on the same (intra-strand) or on different DNA strands (interstrand)10.  

 



 
 
 

21 

 

 
 

 

To counteract the threat of DNA damage, all branches of life have evolved a complex set of 

coordinated repair mechanisms. This thesis focuses on mammalian DNA damage detection 

and repair mechanisms including cell cycle checkpoint regulation, DNA-damage tolerance and 

lesion specific DNA repair pathways11 (Figure 1.1). The DNA damage response is initiated by 

the detection of damage, followed by signal transmission to effector proteins via multiple 

phosphorylation events. The severity and extent of DNA damage dictates the cellular 

response to DNA damage. Minor DNA damage typically results in cell-cycle arrest, whereas 

extensive and irreparable damage is likely to induce senescence or cell death programs, such 

as apoptosis, mitotic catastrophe, autophagy and necrosis12. This thesis focusses on the 

molecules and complexes assembled for repair of DNA damage by two pathways: nucleotide 

excision repair (NER) and inter-strand crosslink repair (ICLR) in mammals.  

 

1.1.2 Relationship between DNA repair and cell-cycle checkpoint regulation  
DNA checkpoint pathways have evolved to link the DNA damage response and cell cycle 

regulators to prevent checkpoint progression prior to DNA damage repair. If the DNA damage 

is not repaired prior to S-phase, checkpoint pathways are able to promote apoptosis, 

preventing the proliferation of cells with an unstable genome13. A group of proteins, including 

the MRN complex (Mre11-Rad50-NBS1) and the 9-1-1 complex (Rad9-Rad1-Hus1) act as 

DNA damage sensors that bind to both DSBs and SSBs respectively14,15. Binding of the MRN 

and 9-1-1 to DNA damage sites within chromatin activates the phosphatidylinositol 3-kinase-

related checkpoint kinases (PIKKs), ATM, ATR and the catalytic subunit of DNA-PK16. ATM, 

which is recruited to double-strand breaks by NBS1, phosphorylates downstream effector 

kinase Chk217. In contrast, the ATR-ATRIP complex is recruited to single-stand breaks coated 

with RPA and replication forks and signals to the Chk2 effector kinase18. Chk1/2 initiates 

phosphorylation cascades that regulate cell cycle progression19. The activation of DNA repair 

is initiated by a number of DNA damage response proteins, including BRCA1, NBS1, in 

Figure 1.1. DNA damaging agents. Cartoon illustrating the sources of DNA damage in black, the 

primary resulting lesions in blue and subsequent repair pathways in green.  
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addition to repair proteins such as Ku70/8020. Simultaneously, the cell-cycle checkpoints 

regulators MDC1, 53BP1 and checkpoint kinases Chk1/Chk2 are able to produce a rapid 

response to the detection of DNA damage to protect and mediate the recovery of damaged 

cells21. Prolonged cell cycle arrest as a result of the inability to efficiently repair the DNA 

damage can lead to senescence or apoptosis to remove the permanently damaged cell12.  

 

1.1.3 Nucleotide excision repair  
 
1.1.3.1 Recognition of DNA damage 
The nucleotide excision repair (NER) pathway is capable of repairing a range of structurally 

unrelated lesions that distort the B-type DNA helix backbone (Figure 1.2). These lesions 

include UV induced cyclo-pyrimidine dimers (CPDs) and 6,4-photoproducts (6-4PPs), bulky 

chemical adducts, intra-strand crosslinks caused by drugs such as cisplatin and ROS-

generated cyclopurines. NER has two variants: the global genome (GG) and transcription-

coupled (TC) sub-pathways22.  

 

Prokaryotes remove helix distorting lesions such as pyrimidine dimers via the UvrABC 

endonuclease complex in addition to the UvrD helicase23. TC-NER is mediated in bacteria via 

the TRCF (Mfd) protein, an SF2 ATPase that hydrolyses ATP to translocate on dsDNA 

upstream of the transcription bubble24. Upon DNA damage recognition the RNA-polymerase 

complex dissociates and the UvrABC-D complex is recruited to complete the repair. In 

addition, the flavoprotein family of photolyases are able to use blue light to directly reverse 

both CPDs and 6-4 photoproducts in prokaryotes, archaea and certain species of plants25. 

 

In eukaryotes GG-NER repairs helix-distorting lesions across the entire genome, including 

non-transcribed regions and heterochromatin (Figure 1.2). The XPC-Rad23B-Centrin2 

complex continually scans the genome and recognises thermodynamically destabilised 

DNA26. Structural studies of the yeast homolog of XPC, Rad4, reveal how its double β-hairpin 

domain binds two nucleotides of the un-damaged strand that display increased ssDNA 

character, directly opposite DNA damage loci27. This sequence-independent method of 

damage recognition permits the detection of structurally diverse lesions. Rad23B stabilises 

XPC and stimulates its binding to DNA lesions28. Following damage recognition, Rad23B 

dissociates from XPC and is not involved in the pre-incision complex assembly29. The 

interaction of centrin-2 with XPC-RAD23B is known to stimulate NER activity via an unknown 

mechanism30. The UV damage binding proteins 1 and 2 (UV-DDB1/2) recognise CPDs and 6-

4PPs independently of the XPC-Rad23B-Centrin2 complex26. UV-DDB2 extrudes these 
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lesions from the DNA duplex and accommodates them in a shallow hydrophobic pocket27. 

This process kinks and compresses the DNA backbone, creating a substrate for XPC-

Rad23B-centrin2 recognition31. Following UV radiation, the UV-DDB binding partner and 

ubiquitin ligase RBX1 ubiquitinylates UV-DDB2, histones and XPC, increasing the affinity of 

XPC for DNA, suggesting a role in facilitating NER on a chromatinised template31.    

 

In TC-NER, the stalling of an actively transcribing RNA polymerase II (RNA-PolII) at a DNA 

lesion serves as a distinctive damage recognition factor that must ultimately be removed from 

DNA/euchromatin (Figure 1.2). Following transcriptional arrest, the RNA-PolII associated 

proteins UVSSA and its partner USP7 bind tightly to the polymerase leading to the de-

ubiquitylation and subsequent stabilisation of Cockayne syndrome protein B (CSB) by USP732. 

Once stabilised, CSB recruits Cockayne syndrome protein A (CSA) to the damage site33. CSA 

forms part of a large E3-ubiquitin ligase complex, interacting with the constituent proteins UV-

DDB1, CUL4A/B and RBX1 via its WD-40 repeats34. This complex ubiquitinylates the RNA-

PolII complex and CSB following neddylation (a ubiquitin-like modification) of CUL4A34. XAB2 

and HMGN1 interact with UV-stalled RNA-PolII in a CSA/B dependent fashion although their 

roles in TC-NER are poorly characterised35,36. 

 

1.1.3.2 Establishment of the pre-incision complex 
The GG and TC-NER branches converge following the recruitment of transcription factor IIH 

(TFIIH) via direct interaction with XPC-Rad23B37 (Figure 1.2). The TFIIH core complex was 

first identified from its function in eukaryotic transcription but also functions in NER38,39. It is a 

large molecular assembly consisting of 7 subunits: XPB, XPD, p62, p52, p44, p3439, and 

p838,39. This complex is responsible for separating damaged from non-damaged DNA strands 

close to lesion sites to establish an NER repair “bubble”, also known as the pre-incision 

complex (Figure 1.2). The XPC–RAD23B complex recruits TFIIH to the damaged DNA which 

mediates the opening of the DNA duplex in an ATP-dependent manner. This activity depends 

on both the DNA-dependent translocase function of XPB, and the DNA helicase activity of 

XPD40. TFIIH component p44 interacts with and stimulates XPD41, whereas the p52-p8 module 

interacts with and stimulates XPB42. An additional cyclin-dependent kinase activating kinase 

(CAK) module, consisting of the serine/threonine kinase CDK7, Cyclin-H and MAT1, further 

regulates the activity of TFIIH through phosphorylation43. 

 

The 5′-3′ DNA translocase activity of XPB opens the DNA duplex downstream of the damage 

site by acting as a molecular wrench44. As the upstream DNA is simultaneously bound by 

TBP/TFIID, the XPB 5'-3' translocation along the non-template strand generates torsional  
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stress which is relived through duplex melting45. Pre-incision complex factors TFIIB, TFIIE, 

and TFIIF bind the resultant ssDNA to stabilise the open complex46. XPD binds the ssDNA 

whilst XPA binds XPB and XPD with its extended helix and its intercalating hairpin, 

respectively, arching across the two ATPases to demarcate the 5′-edge of the repair bubble47.  

1.1.3.3 Assembly of a complete NER complex 
Following TFIIH recruitment and the establishment of the pre-incision complex, key NER 

factors XPA and XPG displace the inhibitory CAK module and stabilise the NER competent 

conformation of the TFIIH core47,48 (Figure 1.2). XPA binding releases the Mat1 stabilised auto-

inhibitory plug from the XPD DNA binding channel, activating the XPD helicase47. In addition, 

XPA clamps TFIIH to DNA and stimulates XPB translocation by increasing its affinity for 

Figure 1.2. Nucleotide excision repair. Cartoon illustrating the NER pathway. DNA damage is 

detected by the XPC-Rad23B-Centrin2 and UV-DDB1/2 complexes during global genome NER. 
Alternatively, stalling of RNA-PolII after encountering damage stabilises the UVSSA/USP7 

deubiquitinase, leading to the recruitment of CSA/B. TFIIH is recruited to the lesion via XPC and 

establishes the pre-incision complex. XPA and XPG binding to TFIIH releases the inhibitory CAK 

module from TFIIH, stimulating the helicase activity of XPD and translocase activity of XPB. The 

concomitant action of XPD and XPB establishes a 20-30 nucleotide single stranded bubble and the 

non-damaged strand is coated by RPA. XPA recruits XPF-ERCC1 to the repair bubble which 

catalyses the first DNA backbone incision 5’ to the DNA lesion. This stimulates XPG cut the DNA 

backbone 3’ to the incision, releasing 20-30 nucleotides containing the DNA damage.  
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DNA49,50. XPA binds XPB and XPD simultaneously with its extended helix and intercalating 

hairpin respectively47. XPG stimulates XPD 5’-3’ helicase activity by blocking the inhibitory 

binding of the CAK module to facilitate DNA opening and lesion scanning47,51. XPB and XPD 

bind dsDNA and ssDNA respectively and work together to create a 20-30 nucleotide bubble. 

Extensive contacts between XPA and XPD with ssDNA stabilise the initial opening of the DNA 

duplex enabling XPD loading52. The RPA heterotrimer is also recruited to the repair bubble 

following the establishment of the pre-incision complex independently of XPA and XPG. RPA 

is made of three subunits (RPA70, RPA32 and RPA14) and binds both XPA53 and the 

undamaged ssDNA, protecting it from degradation54. Finally, the structure-specific DNA 

endonuclease XPF-ERCC1 is recruited by XPA to complete the NER machinery. A disordered 

region of XPA binds to the central domain of ERCC1, positioning the endonuclease at the 5’ 

end of the repair bubble primed to catalyse the first irreversible step in the NER pathway55.  

 

1.1.3.4 Dual incision and DNA repair synthesis 
The XPF-ERCC1 endonuclease is responsible for the DNA backbone incision 5’ to the DNA 

lesion whereas the structurally-unrelated endonuclease XPG is responsible for the 3’ incision56 

(Figure 1.2). Despite XPG being present at the repair bubble, its endonuclease activity is not 

activated until XPF-ERCC1 is recruited by XPA57. XPF-ERCC1 catalyses the first incision, 

generating a free 3’-OH from which the replication machinery can begin 5’-3’ DNA synthesis58. 

XPG subsequently undergoes a conformational change to become activated and completes 

the excision reaction59. The DNA replication machinery extends from the 3’-OH, created as a 

result of XPF-ERCC1 incision, synthesising a new undamaged DNA strand and 

simultaneously displacing the excised fragment in complex with TFIIH60. DNA polymerase ε 

(DNA-Pol ε) is the primary NER polymerase in replicating cells whereas DNA-pol δ and the 

translesion polymerase κ are the main NER polymerases in non-replicating cells61. These 

polymerases work in tandem with the sliding DNA clamp PCNA, the pentameric clamp loader 

RFC, RPA, and DNA ligase I/IIIa to complete repair synthesis and ligation62. 

 

The activity of the XPF-ERCC1 complex in vivo is regulated by polyubiquitination. The C-

terminus of ERCC1, can be linearly polyubiquitinated at K226, K243, K247, K281 and K295R 

via ubiquitin lysine 3363 and targeted for degradation via the proteasome. The target lysine 

residues residue within the vicinity of the tandem helix-hairpin-helix DNA binding domain of 

ERCC1 which also heterodimerises with the homologous domain of XPF. XPF is not 

polyubiquitinated but its expression is dependent on presence of ERCC1, which is turn is 

regulated by polyubiquitination. Interestingly the N-terminus (residues 1-95) of ERCC1 is able 

to partially protect ERCC1 from proteasome degradation63.  
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1.1.3.5 Nucleotide excision repair in chromatin 

DNA damage occurs within the context of chromatin, as such NER factors require the action 

of chromatin remodellers to permit access to the DNA lesion64. The UV-DDB1/2-CUL4A/B-

RBX1 ubiquitin ligase complex ubiquitinates histone H2A, H3, and H4 during GG-NER which 

leads to the destabilisation of the nucleosome34. Independently of its role in ubiquitination, UV-

DDB2 is required for the recruitment of the SWI/SNF superfamily ATPase ALC1 to sites of 

DNA damage by poly-ADP ribose polymerase (PARP) mediated poly-ribosylation65. An 

additional SWI/SNF ATPase, INO80, is recruited to DNA damage through its interaction with 

UV-DDB166. INO80 is required for the efficient repair of CPDs and 6-4PPs from chromatin66.  

 

1.1.4 Inter-strand crosslink repair 
Interstrand crosslinks (ICLs) are an extremely cytotoxic form of DNA damage for the cell. They 

arise through endogenous damage as well as from exogenous damaging agents such as cis-

platinum compounds used in chemotherapy. ICLs block DNA replication and transcription and 

incomplete repair can also lead to the accumulation of double-strand breaks67. In humans, 

most inter-strand crosslink repair (ICLR) activity is coupled to replication fork stalling in S-

phase. Several large molecular complexes are assembled at stalled replication forks, one of 

which is the Fanconi anaemia complex that is formed and activated by the ubiquitination of 

core subunits as part of the ICLR repair pathway. ICLR of crosslinks can still occur in outside 

of the cell cycle in stages G0-G1 via a replication fork independent mechanism involving the 

NER machinery discussed above.  

 

1.1.4.1 Inter-strand crosslink repair outside of the cell cycle at the G0/G1-phase 
Distortions to the B-type DNA backbone conformation are detected by either UV-DDB1/2 or 

the XPC-Rad23B-Centrin2 complex as in NER (Section 1.1.3.1). The NER machinery is 

assembled is the same manner as for the removal of intra-strand crosslinks and bulky adducts. 

Following the dual incisions made by the endonucleases XPF-ERCC1 and XPG, the ICL 

lesion is bypassed by a translesion polymerase such as DNA polymerase κ, DNA polymerase 

ζ, or REV168. This process is then repeated to ensure the removal of the crosslink on the 

remaining damaged strand69. 

 

1.1.4.2 DNA damage recognition and signalling during S-phase 

ICLs prevent the unwinding of dsDNA ahead of the DNA polymerase by the mini-chromosome 

maintenance complex (MCM2–7) as part of the CMG helicase complex, resulting in replication 

fork stalling70 (Figure 1.3). The FANCM-FAAP24 complex, a member of the XPF/Mus81 family 

of structure specific DNA-binding proteins71,72, regulates RPA foci formation at stalled 
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replication forks which in turn promotes ATRIP mediated ATR checkpoint regulation. FANCM 

is an active ATP-dependent DNA translocase and is constitutively associated with chromatin 

through its interaction with the histone-like protein MHF1/273,74. The FANCM-FAAP24-MHF 

complex recruits the Fanconi anaemia (FA) core complex and the topoisomerase-containing 

complex BLM-TOP3α-RMI1 to ICL lesions75. The FA “core” complex consists of 7 proteins: 

FANCA, FANCB, FANCC, FANCE, FANCF, FANCG and FANCL, while several factors such 

as FANCM-FAAP24 are only transiently associated. The FANCL protein monoubiquitylates 

two additional DNA-associated factors, FANCD2 and FANCI leading to their retention on 

chromatin at the site of DNA damage76,77. 

 

1.1.4.3 Inter-strand crosslink unhooking reaction  
Using Xenopus egg extracts in vitro experiments have shown that two replication forks must 

converge around 20-40 nucleotides away from the crosslink prior to ICL repair78,79. 

Subsequently the human replicative helicase complex CMG (Cdc45-Mcm2-7-GINS) is 

unloaded from DNA and permits one fork to approach within one nucleotide of the crosslink80. 

Dual incisions in the phosphodiester backbone then unhook the crosslink from the lagging 

strand template81 (Figure 1.3). Relevant to this thesis work, XPF-ERCC1 is a key player in 

carrying out this reaction at stalled replication forks, cleaving the DNA duplex several 

nucleotides 5′ to the ds/ss DNA fork junction82. ICL unhooking also requires FANCD2 and 

FANCI mono-ubiquitination by FANCL83. A total of five nucleases have been shown to be 

required for physiological levels of ICLR: these being XPF-ERCC1, MUS81-EME1, SLX4-

SLX1, FAN1 and SNM1A84. Notably, XPF-ERCC1 is the only endonuclease required for the 

initial unhooking stage and the separation of sister chromatids85.   

 

XPF-ERCC1 is recruited to sites of inter-strand crosslinks and positioned for incision by the 

large multi-domain nuclease-scaffolding protein SLX478,79 (Figure 1.3). The tandem UBZ 

domains of SLX4 interact directly with K63-linked ubiquitin chains on PCNA that act as 

markers of stalled replication86. An N-terminal construct of SLX4 (residues 1-758) has been 

shown to strongly stimulate XPF-ERCC1 incision of replication intermediates and ICL 

unhooking in vitro85. XPF, ERCC1 and the SLX4NTD interact as a hetero-hexameric complex 

(XPF-ERCC1-SLX4NTD)2 in which there are two XPF active sites available to carry out a 

simultaneous dual incision85. SLX4 deficiency in humans results in Fanconi anaemia, a 

genetic disorder characterised by deficiencies in ICLR86,87. XPF is also known as FANCQ and 

is a Fanconi anaemia-associated protein. Cell lines that do not express Slx4 are 

hypersensitive to DNA crosslinking agents, a defect which can be complemented by SLX4  
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derived peptides that interact with XPF-ERCC188. XPF-ERCC1 requires the combinatorial 

actions of the replicative ssDNA binding replication protein A (RPA) and the 5′-3′ ICL repair 

exonuclease SNM1A to complete the unhooking reaction in vivo82 (Figure 1.4). Whilst XPF-

ERCC1 alone is sufficient to complete the unhooking reaction using a model fork substrate in 

vitro, the presence of a nascent leading strand, representing the in vivo stalled replication fork 

substrate in vitro, abolishes XPF-ERCC1 activity89,90. The addition of RPA enables XPF-

ERCC1 to overcome this inhibition to cut the DNA backbone 6 nucleotides 5’ to the ds/ss DNA 

junction82. The SNM1A exonuclease loads from this incision and digests past the ICL to 

Figure 1.3. S-phase interstrand crosslink repair. ICL lesions cause the stalling of replication forks. 

FANCM-FAAP24-MHF binds the stalled replication forks and recruits the FA core complex. The 
activated FA core complex mono-ubiquitinates FANCD2 and FANCI which subsequently recruit the 

XPF-ERCC1-SLX4 complex. This endonuclease complex cleaves either side of the ICL in a reaction 

termed ‘unhooking’. 
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complete unhooking84,91. Following unhooking, the ICL is bypassed by the trans-lesion 

polymerase Rev1, with subsequent extension facilitated by the Pol ζ (Rev7-Rev3) 

complex81,83,92. Extension re-generates an intact sister chromatid which can subsequently 

serve as a template for Rad51 dependent homologous recombination repair of the residual 

double-strand break93.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.4. ICL removal in vivo. Black dotted arrows indicate approaching nascent leading strands. 
Yellow dotted arrow indicates exonuclease digestion by SNM1A. Red dotted arrow indicates nascent 

leading strand progression. Cartoon illustrating the sources of DNA damage in black, the primary 

resulting lesions in blue and subsequent repair pathways in green. Following replication fork stalling 

and CMG unloading, one nascent strand progresses to 1 nucleotide from the ICL. RPA binding 

permits the XPF-ERCC1-SLX4 endonuclease complex to complete the first incision reaction creating 

a substrate for SNM1A exonuclease loading. SNM1A digests past the ICL ‘unhooking’ the damage.  
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1.1.5 Double-strand break repair 
Among the most toxic damage to dsDNA is the generation of double-strand breaks (DSBs). If 

un-repaired, DSBs can result in gene deletions, chromosome loss and/or fusions. Selective 

DSB sensors have evolved in multiple organisms to recognise these breaks and to couple 

with signalling transducers that ultimately active cellular effectors to respond to the damage 

by initiating cell cycle arrest, repair or even apoptosis16. 

 

1.1.5.1 Homologous recombination 
The homologous recombination machinery repairs double-strand breaks (DSBs) during late 

S/G2 phase and meiosis94. In this context, a DSB is held together with a sister chromatid that 

provides a source of genetic information to recover from and repair the DSB. DSB resection, 

involving the Mre11-Rad50-Nbs1 (MRN) complex and CtIP, generates 3’ single-stranded DNA 

overhangs which are subsequently coated by replication protein A (RPA)95,96. BRCA2 and 

RAD52 facilitate the orderly assembly of a Rad51 nucleoprotein filament onto the single strand 

of DNA that is coated with RPA97. This filament identifies homologous DNA sequences that 

provide an undamaged DNA template and initiates strand invasion into sister chromatids or 

homologous donor DNA sequences98. Rad51 mediates branch migration which produces a 

displacement loop (D-loop) between the invading 3' overhang strand and the homologous 

DNA sequence99,100. DNA polymerases subsequently extend the invading 3’ strand, 

generating a Holliday junction structure101.  

 

Holliday junction resolution is then carried out by the SMX tri-nuclease complex comprising 

SLX1-SLX4, MUS81-EME1, and XPF-ERCC1102. SLX4 co-ordinates the SLX1 and MUS81-

EME1 nucleases to cleave the phosphodiester backbone, in a reaction stimulated, but not 

catalysed, by XPF-ERCC1102. Alternatively, the monomeric 5’-flap endonuclease Gen1 is able 

to resolve Holliday junctions. Gen1 is able to dimerise at Holliday junctions and subsequently 

introduce a nick in the pair of continuous (non-crossing) strands103. XPF-ERCC1 is required 

for homologous recombination when double-strand break ends are blocked by secondary 

DNA structure104. In this scenario, XPF-ERCC1 cleaves the homologous recombination 

blocking 3’ DNA overhangs, permitting DNA synthesis and extension from a newly cleaved, 

polymerase accessible 3’-OH termini. 

 

1.1.5.2 Non-homologous end-joining 

Without a homologous end to use as a template to repair the DSB, a more error-prone repair 

pathway is used known as non-homologous end joining (NHEJ). In this double-strand break 

repair mechanism the two DNA ends are directly ligated together with only limited homology 
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at the very tips of the DNA ends 105. This pathway is utilised during G0/G1 and early S-phase 

of the cell cycle in the absence of a sister chromatid106. The Ku70-Ku80 complex recruits DNA-

dependent protein kinase (DNA-PK) to the DSB107. In a poorly characterised process, the DNA 

termini are processed to have the necessary 3' hydroxyl and 5' phosphate modifications for 

DNA extension and gap filling by the DNA Pol λ and Pol μ108,109. XPF-ERCC1 may be required 

to remove extensive 3′ overhangs that inhibit NHEJ in a process regulated by DNA-PK110.  

 

Microhomology mediated end joining (MMEJ) is a variant NHEJ mechanism that occurs during 

S phase111. During MMEJ short homologous DNA fragments of 5–20 nucleotides present in 

the single-stranded overhangs of the DSB are used to guide repair. MMEJ involves end 

resection, followed by single-strand annealing, DNA end processing, and ligation. Prior to 

ligation, XPF-ERCC1 is believed to cleave non-complementary 3′-flaps from an annealed 

intermediate112.  

 

1.1.6 Single-strand break repair 
Single strand breaks (SSBs) are the most common type of DNA damage, often generated by 

the actions of ROS. SSBs are recognised by the poly ADP-ribose polymerases (PARP) 1 and 

2 which signal the recruitment of repair machinery113. PARP is the molecular target of Olaparib, 

a precision drug that displays greater cytotoxicity towards BRCA2-deficient cells due to the 

reliance of these cells on the PARP pathway for the signalling of DNA-damage events. XRCC1 

is recruited to SSBs where it acts as a molecular scaffold for the assembly of SSB processing 

and gap filling enzymes114. Evidence exists that XPF-ERCC1 is required for the efficient 

removal of the 3’ termini of SSBs to produce the necessary substrate requirements for gap 

filling and ligation115.  

 
1.1.7 Non-DNA damage repair roles for the XPF-ERCC1 endonuclease 
XPF-ERCC1 is required for telomere maintenance through its association with TRF2. TRF2 

prevents the telomere from being recognised as a DSB, promoting T-loop formation in which 

the 3′ chromosomal overhangs loop back and insert into duplex DNA116. XPF-ERCC1 is the 

main nuclease responsible for 3′ overhang cleavage and is inhibited by TRF2 in a process 

independent of other NER factors117. XPF-ERCC1 is thought to associate with TRF2 in 

complex with SLX4118,119. Interestingly, nuclease deficient XPF-ERCC1 mutants were able to 

complement TRF2-mediated telomere shortening in XPF-deficient cells, suggesting that XPF-

ERCC1 negatively regulates TRF2 in a nuclease-independent manner117,120.  
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XPF-ERCC1 has also been implicated in regulating the developmental silencing of 

imprinted genes. This is from evidence showing XPF-ERCC1 interacts with the insulator 

binding protein CTCF, the cohesin subunits SMC1A and SMC3 and with MBD2 at the 

promoters and control regions of imprinted genes during development121. ERCC1 deficiency 

results in CTCF localisation to heterochromatin, the dissociation of the CTCF-cohesin complex 

from imprinted gene control regions and altered histone post-translational modifications121.  

These changes result in the abnormal developmental expression of imprinted genes, 

independent of the DNA methylation state.  

 

1.1.8 Disease consequences of XPF mutations  
Originally XPF and ERCC1 were identified by the extreme radiation sensitivity of their mutant 

phenotypes in humans. Subsequently, a variety of mutations in these genes have been found 

in patients with several other genetic diseases, widening the importance of understanding this 

complex. To date there is little understanding as to how the specific mutation in XPF or ERCC1 

(genotype) leads to a patient disease (phenotype). I discuss in more detail the human diseases 

linked to XPF or ERCC1 mutation. 

 

1.1.8.1 Xeroderma pigmentosum 

Xeroderma pigmentosum (XP) is a genetic disorder caused by defects perturbing a functional 

NER pathway. Mutations in any of the NER pathway genes can give rise to XP (Table 1.1), 

however. In this thesis we will focus on mutations in the XPF endonuclease122,123. XP is 

characterised by hypersensitivity to UV radiation resulting in increased dermal skin damage 

and a 1000-fold increased risk of developing skin cancer124. XP patients also have a 10-20-

fold higher rate of internal cancer development, including lung and gastro-intestinal cancers, 

as a result a reduction in their capability to repair DNA damage introduced by environmental 

carcinogens124. Approximately 20% of XP patients also display developmental abnormalities 

including microcephaly and neurodegeneration potentially as a result of mis-regulation of 

developmental silencing of imprinted genes125. Patients with mutations in XPF generally 

develop basal or squamous cell carcinomas after the second decade of life126. All of the 

studied cases of XPF patients harbour a missense mutation in at least one allele, with no 

reported cases of tolerated mutations in the catalytic XPF nuclease domain, suggesting that 

XPF is essential for embryonic development. This is supported by the fact that mice 

homozygous for null alleles of XPF are not viable unless in permissive genetic backgrounds127. 
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1.1.8.2 XFE progeroid syndrome 
Mutation in XPF can give rise to XFE progeroid syndrome, a disorder characterised by 

deficiencies in NER and ICLR that manifests as an extreme ageing phenotype (Table 1.1). 

The sole XFE progeroid patient possessed a homozygous R153PXPF and displayed classic 

XP photosensitivity, with primary fibroblasts displaying extremely low levels of transcription 

coupled and global genome NER and hypersensitivity to ICL inducing agents.128 In addition 

this patient displayed severe symptoms of accelerated aging including growth retardation and 

neurodegeneration. The symptoms of this patient are strikingly similar to the presentation 

of the Ercc1-/- mouse model of accelerated aging128.  

 

1.1.8.3 Cockayne syndrome 
Cockayne syndrome (CS) is a genetic disorder that causes accelerated aging as a result of 

deficiencies in transcription coupled NER and homologous recombination repair129 (Table 1.1). 

An inability to repair lesions that stall the replication and transcriptional machinery results in 

growth failure, neurodegeneration, mental retardation, ocular degeneration and microcephaly. 

Rather than discussing mutations in CSA/CSB, XPB, XPD and XPG, in this thesis we focus 

on mutations in XPF that that give rise to CS130. Three patients have been identified involving 

mutations in XPF and/or ERCC1. The mildest of the three involved a bi-allelic mutation of 

C236R and a premature stop codon at Y577 in XPF130,131. A severe, early-onset CS patient 

carried a bi-allelic F231L mutation in ERCC1 which resulted in early death132. The F231L 

phenotype destabilises the heterodimerisation interface between XPF and ERCC1 in the 

hairpin domain132. A third patient displayed a mixed CS/Fanconi anaemia phenotype as a 

result of the bi-allelic XPF mutation of C236R and R589W133. The mechanism underlying 

severe CS phenotypes may be as a result of mis-localisation of XPF-ERCC1 to the cytoplasm 

resulting in reduced DNA repair134. 

 

1.1.8.4 Fanconi anaemia  
Fanconi anaemia (FA) is a rare, autosomal recessive and X-linked genetic disorder that affects 

1 in 100,000 people. FA is characterised by progressive bone marrow failure, congenital 

abnormalities, increased cancer risk and hypersensitivity to ICL agents135. Mutations in one of 

15 genes involved in the replication-coupled repair of ICLs give rise to FA, including those in 

XPF133 (Table 1.1). Separation of function mutations in XPF drastically reduce its function in 

ICLR without impeding its NER activity78,79. This suggests that these mutants do not impede 

the core endonuclease activity of the XPF-ERCC1 complex, rather they comprise the binding 

site for recruitment to, or interaction with, their respective substrates. The ability of XPF FA 

mutants to participate in NER suggests that FA mutants do not affect protein stability or 
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catalytic activity. The mechanism underlying FA disease as a result of XPF mutations is likely 

to be as a result of disrupting its interactions with key ICLR factors such as SLX478. As 

previously discussed for CS, one patient with a bi-allelic XPF mutation of C236R and R589W 

exhibited a combined phenotype with FA, XP and CS symptoms78.  

 

1.1.9 Disease consequence of ERCC1 mutations  
 
1.1.9.1 Cerebro-oculo-facio-skeletal syndrome 4 
Mutations in ERCC1 are rare, normally resulting in embryonic lethality. One patient was 

recently identified who displayed extreme cerebro-oculo-facio-skeletal syndrome (COFS) 

symptoms136 (Table 1.1). These included severe skeletal defects at birth and neurological 

abnormalities. The patient harboured a premature stop codon at position 158 of the maternal 

allele that removed the C-terminal XPF dimerisation hairpin domain137. An F231L mutation 

(also associated with CS) in the paternal allele destabilised the interaction with XPF and 

reduced nuclear localisation137. Primary fibroblasts from this patient displayed 15% of normal 

NER activity which would normally be associated with a mild XP-F phenotype137,138. The 

extreme COFS symptoms point to an additional, non-NER role for ERCC1 during 

development. A second patient with mutations in ERCC1 was identified with a milder 

phenotype characterised by progressive neurological degeneration beginning at age 15139. 

This patient contained a mutation generating a premature stop codon at K226 in one allele 

and a splicing variant mutation in the other139. Symptoms were similar to XP-F patients with 

neurodegeneration suggesting that ERCC1 and XPF associate as an obligate heterodimer in 

vivo. 

 
XPF ERCC1 

Xeroderma 
pigmentosum 

Cockayne 
syndrome 

Fanconi 
anaemia 

XFE 
progeroid 

COFS 

I255W I529T I236M L230P R153P F231L 

R454W T567A R589W E239K  153 stop 

R490Q 605-611 del 577 stop R689S   

E502K L608P  S786F   

G513R R799W     

 
Table 1.1 Mutations associated with disease in XPF and ERCC1 
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1.1.10 XPF and ERCC1 knockout mice 
Two ERCC1 knockout mice were generated in which the C-terminal heterodimerisation 

domain with XPF was truncated and ERCC1 mRNA was subsequently not detected 

suggesting that the knockout allele is transcriptionally inactivated127. In both knockout strains, 

mice die after 3 weeks weighing 20% of their normal body mass and display 

neurodegeneration140. An XPF mutant mouse, homozygous for a frameshift after K455, was 

generated that displayed the same phenotype as the ERCC1 null mice141. This mutation 

resulted in a truncation of the XPF nuclease domain and C-terminal heterodimerisation 

domain with ERCC1122. These shared phenotypes indicate that XPF and ERCC1 function as 

an obligate heterodimer and disruption of either subunit destabilises the other.   

 
1.1.11 XPF-ERCC1 and chemotherapy resistance  
Platinum based chemotherapeutics elicit their cytotoxic effects through the formation of bulky 

DNA lesions, intra-strand and inter-strand DNA crosslinks (Figure 1.5). The crucial role of 

XPF-ERCC1 in both NER and ICLR means that tumour expression and endonuclease activity 

correlates with sensitivity to crosslinking therapeutics142. In non-small cell lung carcinoma, 

squamous cell carcinoma and ovarian cancer, increased levels of ERCC1 mRNA have been 

reported in response to cisplatin treatment143-148. In contrast, testicular cancers with low levels 

of ERCC1 mRNA are highly sensitive to cis-platin treatment and patients experience a 90% 

cure rate following treatment149. In addition, siRNA knockdown of ERCC1 increases sensitivity 

to cis-platin in ovarian, non-small cell lung and breast cancer cell lines150-152.  

 

XPF-ERCC1 overexpression has been linked to poor platinum responses in cancer treatment 

and the development of chemoresistance153. Cisplatin treatment of melanoma cell lines has 

been shown to increase the phosphorylation of the extracellular signal-regulated kinase which 

regulates ERCC1 expression through epidermal growth factor154. Increased ERK 

phosphorylation has been demonstrated to increase the levels of both ERCC1 and XPF 

proteins following cisplatin treatment leading to the development of chemoresistance155,156. 

Using a mouse xenograft model, isogenic ERCC1 deficient xenografts could be cured by two 

cisplatin treatments, whereas ERCC1 proficient xenografts developed cisplatin resistance142. 

Despite the inherent toxicity of XPF-ERCC1 inhibitors, tumours with characteristic somatic 

amplification of XPF-ERCC1 may be selectively targeted for therapy. In addition, inhibitors of 

XPF-ERCC1 could be used as a last line therapy for patients that have developed significant 

chemoresistance.  

 

The measurement of XPF-ERCC1 activity within tumours has the potential to guide treatment 



 
 
 

36 

by predicting patient response to platinum-based chemotherapeutics. Current histopathology 

based methods for assaying XPF-ERCC1 levels within tumours are inaccurate and new 

methods must be developed that measure the endonuclease activity of XPF-ERCC1 from 

patient samples157. Furthermore, XPF-ERCC1 is an excellent drug target for overcoming 

chemoresistance to platinum-based compounds in tumours158. The development of clinically 

relevant inhibitors that potentiate the efficacy of platinum that target the divalent metal active 

site is challenging due to the highly conserved nuclease family GDXnERKX3D active site 

motif159. Active site inhibitors have thus far proven non-specific and cross-reactive against 

other metal-dependent nucleases160. Alternative approaches targeting the XPF-ERCC1 C-

terminal dimerisation region have had limited success158. New and detailed structural 

information is required to guide the development of the next generation of inhibitors. A full-

length structure of XPF-ERCC1 would identify a number of new protein-protein interaction 

interfaces that could be targeted to overcome the non-specific nature of active site targetting 

compounds. 

 

Figure 1.5. Cisplatin inter-strand crosslink. NMR structure of a cisplatin crosslink within dsDNA 
(PDB: 1DDP). Platinum atom in yellow, phosphodiester backbone in pink. Two guanine nucleotides 

are crosslinked which distorts the DNA backbone resulting in the neighbouring cytosine nucleotides 

being ‘flipped-out’ from their Watson-Crick base pairing.  
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1.2  The XPF/Mus81 family of structure-specific 3’-endonucleases 
 
1.2.1 Evolutionary conservation and domain organisation  
Members of the XPF/MUS81 family of proteins are found in both eukaryotes and archaea but 

are absent in prokaryotes161. Family members associate as heterodimers in eukaryotes or 

homodimers in archea162-164 (Figure 1.6). Eukaryotic heterodimers contain one catalytic and 

one non-catalytic subunit71. Catalytic subunits contain a catalytic module consisting of an N-

terminal excision repair cross complementation group 4 (ERCC4) endonuclease domain and 

a C-terminal tandem helix-hairpin-helix (HhH)2 DNA binding domain165. Noncatalytic subunits 

share the same domain architecture but the acidic metal-binding residues of the metal-  

 

Figure 1.6. Domain architecture of XPF/MUS81 family members. Cartoon schematic highlighting 

the conservation of architecture within the XPF/MUS81 family of nucleases. Domains are colour 

coded by shared function. Crosses through domains indicate that they are non-catalytic. FANCM C-

terminal domain not to scale and // indicate that the sequence is abridged.  

Helicase-like 

Translocase 
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dependent GDXnERKX3D active site motif in the ERCC4 domain have diverged, creating a 

pseudo-nuclease domain devoid of catalytic activity71. Individual family members contain 

additional domains and motifs that define their individual DNA substrate preferences and 

contain interaction interfaces for protein binding partners. The XPF N-terminal helicase-like 

module is able to interact with NER and ICLR factors in addition to ds/ss DNA structures, and 

is required for full XPF endonuclease activity78,166. Mammalian genomes encode three 

XPF/MUS81 family endonuclease heterodimers, XPF-ERCC1, MUS81-EME1, and MUS81-

EME2 (named by defining the catalytic subunit is defined first) 167-169 (Figure 1.6). A fourth 

XPF/MUS81 family member, FANCM-FAAP24, acts as a DNA translocase and is considered 

a pseudo-nuclease lacking phospho-hydrolase activity170. Orthologs of XPF-ERCC1 exist 

including Rad1-Rad10 in S. cerevisiae and Rad16-Swi10 in S. pombe171,172.  
 
Most archaeal phyla produce either a short XPF/MUS81 family homolog consisting of the 

ERCC4-(HhH)2 core and a C-terminal PCNA-interacting peptide (crenarchaeal) or a long 

homolog that contains an amino-terminal Superfamily 2 (SF2) helicase domain 

(euryarchaeal)163,164,173. Euryarchaeal Pyrococcus furiosus XPF (also known as HEF, for 

helicase-associated endonuclease for fork structure DNA) and crenarchaeal Sulfolobus 

solfataricus and Aeropyrum pernix XPF have been characterised both structurally and 

biochemically164,174-176. Archaeal XPF/MUS81 homologs are most similar to XPF-ERCC1 in 

terms of sequence homology but their substrate preferences in targeting 3’ DNA flaps and 

forks are most similar to MUS81/EME1177. Despite their homodimeric structure, archaeal 

XPF/MUS81 family members utilise only a single active site for endonuclease activity and 

have been show to bend dsDNA as part of their damage recognition 176.  
 
1.2.2 Structure-specific endonuclease activity of XPF-ERCC1  

XPF-ERCC1 recognises double-stranded/single-stranded (ds/ss) DNA junctions with a 3’ 

ssDNA overhang, nicking the dsDNA backbone, producing a substrate for downstream repair 

processes (Figure 1.7). XPF-ERCC1 is a 3’-nuclease and is distinguished from unrelated 5’-

nucleases including FEN1 and XPG. XPF-ERCC1 cleaves one strand of the phosphodiester 

DNA backbone with defined polarity, 5’ to the ds/ss junction, generating a 5’ phosphate and 

3’ hydroxy termini. XPF-ERCC1 recognises and cleaves splayed arm, bubble and stem-loop 

structures with similar substrate specificity and 3’ flaps with lower affinity. Within the NER 

repair bubble, XPF-ERCC1 targets the damaged strand and cleaves 5’ of the damage. 

 
1.2.3 Current structural understanding 
There are currently no full-length structures of any eukaryotic members of the XPF/MUS81 
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family (Table 1.2). Structures of individual domains from XPF and ERCC1 have been 

determined, permitting a modular understanding of endonuclease function. Structures of the 

heterodimeric C-terminal 2x-(HhH)2 domains of human XPF and ERCC1 have been obtained 

by both NMR and crystallography, expanding our understanding of XPF-ERCC1 complex 

formation178,179. A non-physiological human XPF (HhH)2 homodimer bound to ssDNA was also 

solved using NMR which broadens our knowledge of substrate targeting. Finally, the crystal 

structure of the human nuclease-like domain of ERCC1 was solved using crystallography and 

in complex with a peptide derived from key NER factor XPA using NMR, expanding our 

understanding of DNA repair pathway recruitment179. 

 

 

 

Figure 1.7. Substrate recognition and preferences for mammalian XPF/MUS81 family 
endonucleases. (Top) XPF-ERCC1 recognises DNA junction substrates with a 3’ overhang 

including DNA forks (pictured). Following recognition, XPF-ERCC1 carries out a single incision in 

the phosphodiester DNA backbone with defined polarity 5’ to the ds/ss DNA junction. This reaction 

enables the removal of DNA damage 3’ of the incision. (Bottom) XPF/MUS81 family member 

substrate preferences. Red arrows indicate incision site, = signs indicate cleavage with equal 

preference, > indicates preferential cleavage and >>> indicates significantly preferred. XPF-ERCC1 

cleaves fork, bubble and stem-loop substrates with equal preference and 3’ flaps with lower affinity. 
MUS81-EME1/2 cleaves 3’ flaps and replication forks with the same affinity and fork and Holliday 

junction substrates with equally, significantly lower preference.  
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Crystal structures of individual euryarchaeal P. furiosus XPF domains have been published 

that describe the N-terminal SF2 helicase domain, ERCC4-like nuclease domain and C-

terminal (HhH)2 domain (Table 1.2). These structures lack a bound ATP nucleotide and form 

hexamers in the crystal lattice with as yet unknown relevance. These structures do provide 

important information regarding the discrete functions of each domain, however. In the 

absence of a full-length structure it is unclear how these functional modules interact to define 

substrate specificity. Crystal structures of near full length homodimeric crenarchaeal A. pernix, 

comprising the ERCC4 nuclease domain and (HhH)2 domains, in the absence and presence 

of DNA were solved. These structures provided important information regarding the 

conformational changes arising on dsDNA binding to the (HhH)2 domain and how the complex 

is able to recognise specific DNA structures.  

 

Structures of a C-terminal fragment of human MUS81 comprising the ERCC4 nuclease and 

(HhH)2 domains in complex with EME1 and various DNA substrates, have been solved that 

explain the discrete substrate specificities of XPF/MUS81 family members and 5’-phosphate 

recognition (Table 1.2). An NMR structure of a winged helix domain was also determined and 

contributes towards MUS81 substrate recognition. In addition, crystal structures of a C-

terminal fragment of human FANCM comprising the ERCC4 pseudo-nuclease and (HhH)2 

domains in complex with FAAP24 were solved that rationalised the lack of nuclease activity 

with the complex and explained its DNA-binding preferences.  

 

Protein Helicase Nuclease/nuclease-
like 

(HhH)2 

A. pernix 
XPF 

 2BHN (DNA-free) 
2BGW (dsDNA) 

P. fur XPF 1WP9 1J23 (apo) 
1J24/5 (metal bound) 

1x21 

XPF No structure No structure 2Z00* 
2A1J ERCC1  2AQO* 

2A1L 
MUS81  4P0P/Q (5’ flap DNA), 4P0R/S (3’ flap DNA), 

2ZIX (DNA-free) EME1  
FANCM 4E45 (hMHF1/2-

FANCM) 
4BXO, 4M6W 

FAAP24  

Table 1.2 Current structural understanding of XPF/MUS81 family endonucleases. Proteins 

broken up by their general domain architecture. Below are current structures of each domain, 
referenced by their PDB codes and ligands in brackets. All structures were solved using X-ray 

crystallography other than 2AQO and 2Z00 which were solved using NMR denoted by a *.  

 



 
 
 

41 

1.2.3.1 The ERCC4 nuclease domain 
The XPF gene was originally identified as the DNA fragment which was capable of 

complementing a specific UV-sensitive genetic complementation group180,181. Following 

transfection of these cells with DNA from a human genomic library, sub-clones were identified 

that restored normal UV sensitivity182. The excision repair cross complementation group 1 and 

4 proteins became ERCC1 and ERCC4 respectively. It was subsequently observed that the 

UV sensitivity phenotype of cell lines with a defect in complementation group 4 cells was 

shared with xeroderma pigmentosum group F (XPF) patients, giving rise to the common 

protein name183. 

 

The ERCC4 nuclease domains of XPF/MUS81 family members all share a similar fold with 

type II restriction enzymes163,184. The structural core of type II restriction enzymes consists of 

a five-stranded b-sheet that is flanked by alpha helices184. Similarly, the ERCC4 nuclease 

domain consists of a six-stranded beta sheet core flanked by alpha helices163. Type II 

restriction enzymes are either homo-dimeric or tetrameric endonucleases that are found in 

both bacteria and archaea. These endonucleases cleave both strands of duplex DNA within 

a specific recognition sequence using a conserved PDxnE/DxK catalytic motif184. The 

DxnERKx3D catalytic motif of XPF is very similar to that of type II restriction endonucleases185.  

 

Both XPF/MUS81 and type II restriction endonucleases require Mg2+ or Mn2+ metal ion co-

factors for catalysis. The presence of the metal is not necessary for DNA binding and does 

not alter to the DNA-binding affinity185. Both A. pernix and P. furiousus Hef XPF structures 

reveal a single divalent metal ion co-ordinated by the active site glutamate and first aspartate 

residues of the catalytic motif163,164. Metal ions are coordinated using equivalent residues in 

type II restriction enzymes. The structure of a C-terminal fragment of human Mus81 and EME1 

bound to 5’ flap DNA reveals the presence of a second Mg2+ metal ion coordinated by one 

glutamate and two aspartate residues at a spatially distinct site from the catalytic motif168. A 

third divalent metal cation is likely required for catalysis that is yet to be visualised 

structurally186. This metal ion is located between the α and β phosphates of the phosphodiester 

backbone and is not coordinated by protein residues187. This non-canonical metal ion drives 

the phosphoryl-transfer from the leaving group opposite to the 3′-OH nucleophile.  

 

The catalytic mechanism of XPF is likely to proceed in a similar fashion to that of the type II 

restriction endonucleases (Figure 1.8). Two catalytic metal ions in the XPF active site are 

coordinated by aspartate 715 and glutamate 725188,189. Lysine 727 acts as a general base, 

deprotonating an ordered active site water which in turn acts as a nucleophile.  There is some 
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evidence that the presence of the metal ions lowers the pKa of the active site promoting 

deprotonation Lys 727 and encouraging the activation of the water molecule as a nucleophile. 

The nucleophilic attack of the deprotonated water on the scissile phosphate cleaves the 

phosphodiester backbone184. The active site metal ion acts as a Lewis acid to stabilize the 

extra negative charge of the penta-phosphate transition state. Electrons from a negatively 

charged oxygen in the phosphate group move down, kicking off the 3’ oxygen creating a free 

5´ phosphate group and a free 3´-O-. The O- abstracts a proton from a second active site water, 

which is stabilised by the second metal ion.  

 

 

 

 
Mutation of XPF glutamate 690 and 725 to alanine reduced nuclease activity in the presence 

of Mg2+ but not Mn2+. This suggests that the biologically relevant metal co-factor is Mg2+ 

Figure 1.8. Suggested mechanism of phosphodiester cleavage by XPF. Two active site Mg2+ 

ions are coordinated by conserved acidic active site residues. K727 abstracts a proton from a water 

molecule, activating it as a nucleophile. This activated water nucleophile subsequently attacks the 

scissile phosphate. The penta-phosphate transition state is stabilised by one metal ion. When 
electrons from the negatively charged oxygen in the phosphate group move down, they kick off an 

oxygen generating a free 3´-OH that is stabilised by the second metal ion.  
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despite higher in vitro activity being observed in the presence of Mn2+ 166,179. Mutation of XPF 

arginine 689 to alanine shifted the incision pattern of XPF-ERCC1 in vivo suggesting this 

residue is involved in substrate positioning190.  

 

Crystallographic studies have revealed that the nuclease-like domains of ERCC1 and EME1/2 

have the same general fold as their catalytically active counterparts in Mus81 and archaeal 

XPFs163,168 (Figure 1.9). The DxnERKx3D catalytic motif is absent from the ERCC1 nuclease-

like domain and its function has diverged from catalytic to regulatory. The XPF-ERCC1 

complex is recruited to the NER pathway via protein-protein interactions formed by the ERCC1 

nuclease-like domain55. A disordered region of key NER factor XPA (residues 67-80) binds to 

a V-shaped groove on the surface of ERCC1 (residues 92-119) with low micromolar affinity. 

This groove on the surface of the ERCC1 nuclease-like domain is populated with basic and 

aromatic residues and corresponds to the location of the active site in the XPF nuclease 

domain55. The interaction is characterised by main chain hydrogen bonding between XPA 

glycine residues 72, 73 and 74 and adjacent ERCC1 residues and stacking of aromatic 

ERCC1 side chains. The ERCC1 nuclease-like domain is also required for the recognition of 

specific DNA structures. This domain binds ssDNA and works cooperatively with the dsDNA 

binding ERCC1 (HhH)2 domain to recognise DNA junction substrates179,191. The functional 

diversity of the ERCC1 nuclease-like domain suggests it arose as a result of a gene duplication 

of the XPF nuclease domain. 

 

Figure 1.9. Structures of XPF/MUS81 family member catalytic homo- and heterodimeric 
domains. A. pernix homodimer in brown, P. furiosus homodimer in blue, MUS81-EME1 heterodimer 

in pink and FANCM-FAAP24 in white. Conserved N-shaped helix-strand-helix interaction motif 

highlighted in red. Structures aligned to one another using UCSF Chimera molecular visualisation 
package.  

 

A. pernix P. furiosus MUS81-EME1 FANCM-FAAP24 
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1.2.3.2 The (HhH)2 domain 
The tandem helix-hairpin-helix domains of XPF/MUS81 family members interact with DNA in 

a sequence independent manner165. They are comprised of two structural motifs, each 

consisting of two alpha helices linked by a hairpin beta turn. A consensus PGhG sequence, 

where h is a buried hydrophobic residue, is well conserved in the hairpin region beginning at 

the second residue of the beta turn165 (Figure 1.10). Conserved hydrophobic residues flank 

the two helices of the (HhH) motif and are oriented towards one another establishing Van-der 

Waals contacts192. The two hairpins of the (HhH)2 fold are separated by the distance of the B-

type DNA minor groove and form hydrogen bonds between the protein backbone nitrogen and 

DNA phosphate groups. This binding mode was observed in crystal structures of A. pernix 

XPF, FANCM-FAAP24 both in complex with dsDNA and MUS81-EME1 in complex with 

various DNA junction substrates163,168,170. In all of these cases additional positively charged 

side chains flanking the hairpins increased the affinity for DNA.  

 

 

 

Figure 1.10. Structure and DNA binding characteristics of the A. pernix (HhH)2 domain. (Left) 

dsDNA backbone in purple, nucleotides in blue, A. pernix (HhH)2 domain in white, conserved minor 

groove GLG binding motifs of each HhH in yellow. The GLG motif make main chain hydrogen bond 
contacts non-specifically with the dsDNA minor groove. (Right) Overall homodimeric 2x(HhH)2 

domain fold. One (HhH)2 domain from one protein chain in white, the other in grey. Helices displayed 

as pipes and numbered according to their sequence order. Figure highlights the extensive interface 

formed between the two (HhH)2 domains which drives dimerisation. 
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Despite adopting the classic (HhH)2 domain fold (Figure 1.10), human XPF and ERCC1 

(HhH)2 domains only contain one canonical HhH motif each193. The characteristic PGhG 

hairpin is missing from the first ERCC1 HhH motif, replaced by a longer positively charged 

loop55,179. The second HhH motif hairpin in XPF contains one fewer residue than classic HhH 

motifs. This alters the hairpin conformation permitting ssDNA binding194. In addition, a 

positively charged region within the second helix of the first HhH motif interacts with the ssDNA 

phosphate backbone and a guanine binding pocket exists between both HhH motifs of XPF. 

Studies of isolated XPF-ERCC1 2x(HhH)2 functional unit have argued that this is the minimal 

unit capable of recognising a ss-dsDNA junction195.  

 

1.2.3.3 The SF2 helicase-like module  
XPF/MUS81 family members contain domains outside of the core catalytic nuclease-(HhH)2 

unit that regulate enzymatic activity and substrate engagement71. XPF possesses an N-

terminal helicase-like module that is related to the superfamily 2 (SF2) helicases. The XPF 

helicase-like module consists of two divergent RecA-like domains that flank a predicted all a-

helical domain192. Despite being defined as helicases, not all SF2 superfamily members 

unwind dsDNA/RNA196. Some SF2 family members, translocate on dsDNA/RNA without 

unwinding the duplex. The XPF helicase-like module is predicted to be most similar to a 

subclass of SF2 superfamily translocases that include RIG-I, SWI/SNF and ISW2197-199. Only 

the Walker A and B motifs that are required for ribonucleoside triphosphate (NTP) binding and 

hydrolysis are conserved throughout all SF2 superfamily members200. These motifs reside in 

a cleft between the RecA-like domains that drive translocation and helicase activity by 

coupling NTP binding to conformational change in the presence of nucleic acid201. The SF2 

helicases often function as higher order oligomers such as dimers and hexamers202, where 

each protomer contains two RecA-like domains. NTP binding at a cleft between the two RecA-

like domains brings them together in a closely coupled conformation permitting translation 

along the DNA in an inchworm fashion201.  

 

Both XPF RecA-like domains lack the residues necessary to bind and hydrolyse ATP. The 

GKT consensus sequence is absent from the first Walker A motif in XPF whilst the second 

Walker B motif lacks the acidic residues required to bind the Mg2+ cofactor present in the 

DEAD/DExH box motif203,204. Instead, the helicase-like module is required for the correct 

assembly and recruitment of XPF-ERCC1 to relevant repair pathway complexes in vivo. The 

helicase-like module of XPF contains the binding sites for both the ICLR pathway recruitment 

factor SLX4 and the key NER factor RPA54,78,82. Binding of SLX4 to XPF-ERCC1 has also 

been shown to stimulate the endonuclease activity of the complex hinting at a role of the 
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helicase-like module in activity modulation85. Independent of these functions, the helicase-like 

module binds ds/ssDNA junction substrates and is required for full XPF-ERCC1 endonuclease 

activity166. Truncated Δ95ERCC1–Δ666XPF shows a 60-fold reduced activity in- vitro compared 

with the full-length XPF-ERCC1179. There are currently no structures of the helicase-like 

module and poor sequence homology with helicases of known structure.  

 

Crystal structures of P. furiosus HEF XPF helicase domain shed light on the likely domain 

architecture of the human XPF helicase-like module164 (Figure 1.11). The HEF helicase 

domain is an ATP-dependent helicase that is required for processing flap or fork DNA 

structures. Structures in both the apo and ADP-bound forms reveal two RecA-like folds that 

are closely coupled and an all a-helical ‘thumb’ domain that contacts the second RecA-like 

fold. The thumb domain is required for helicase activity and is structurally homologous to the 

dsDNA minor groove interacting thumb domain of Taq polymerase164. The SF2 family helicase 

motifs required for DNA unwinding are clustered in the cleft formed between the two RecA-

like folds176. In the absence of ADP or DNA, the helicase adopts an open C-shaped 

conformation which is predicted to clamp shut around the duplex, completing the ATP binding 

pocket, as seen in homologous structures197,205. Comparison with the structurally homologous, 

viral dsRNA sensor MDA5 reveal how the duplex backbone is engaged simultaneously by 

residues from both RecA-like folds and the all a-helical thumb domain197. Additional RNA 

binding function is conferred by flexible inserts in the RecA-like domains of MDA5 that become 

ordered upon interaction with dsRNA206. Such flexible inserts are predicted at the interface 

between the all a-helical and second RecA-like domains and between the two RecA-like 

domains of human XPF 

 
1.2.3.4 Dimerisation via the ERCC1 and (HhH)2 domains  
Homo- or hetero-dimerisation is required for the stability and catalytic activity of XPF/MUS81 

family members. Structures of A. pernix and P. furiosus archaeal XPFs, in addition to human 

MUS81-EME1, FANCM-FAAP24 and XPF-ERCC1 reveal that heterodimerisation occurs 

through the (HhH)2 domains85,163,170,178,179,193,207 (Figure 1.10). Mutations in either XPF or 

ERCC1 (HhH)2 domains that disrupt dimerisation reduce the stability of the non-mutated 

partner208. Despite the ERCC4 nuclease-like domain of ERCC1 being non-catalytic, ERCC1 

is essential for XPF endonuclease activity209. Severe disease phenotypes are associated with 

mutations in the XPF and ERCC1 (HhH)2 domains (section 1.1.7)132. Despite this, recent 

siRNA experiments revealed that, although XPF protein levels were decreased when ERCC1 

was knocked down, the converse was not true151.  

. 
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The ERCC1 and XPF (HhH)2 domains heterodimerise via a predominantly hydrophobic 

surface (1534Å2)178. Each domain consists of five α-helices with ERCC1 forming an additional 

α-helix at N-terminus210 (Figure 1.10). In both XPF and ERCC1, the first and second α helices 

constitute the first HhH motif, and the fourth and fifth constitute the second193. F905XPF and 

F293ERCC1 are essential for heterodimerisation137,138. Cross-saturation NMR experiments 

indicate that XPF residues from Q849-A906XPF interact with R234-L294ERCC1 210. L294 ERCC1 

orients F293ERCC1 into a hydrophobic pocket on XPF178. F905XPF occupies a 

similar hydrophobic pocket on ERCC1. One patient with a premature stop codon in one allele 

of ERCC1, removing the (HhH)2 domain and the F231LERCC1 mutation in the second allele 

displayed a sever COFS phenotype, likely as a result of disruption to the (HhH)2 

Figure 1.11. P. furiosus helicase domain structure. (Top) Crystal structure of P. furiosus helicase 

domain (PDB: 1WP9). First RecA-like domain in blue, second RecA-like domain in purple, helical 

‘thumb’ domain in green. Structure shows an open C-shaped structure where the central cavity is 

bound by dsDNA. (Bottom) Domain architecture of the P. furiosus helicase. Conserved SF2 motifs 
indicated in text and Roman numerals 
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heterodimerisation interface132. The available XPF-ERCC1 heterodimeric (HhH)2 structures 

are in broad agreement, the only difference being the crystal structure contains a much 

extended fifth ERCC1 a helix relative to the NMR structure178,179. 

 
A secondary dimerisation interface has been reported between the nuclease domains of A. 

pernix and P. furiosus archaeal XPF, and the nuclease and nuclease-like domains of human 

MUS81-EME1 and FANCM-FAAP24163,164,168,170 (Figure 1.9). In these cases, each protein 

uses a helix-strand-helix motif to heterodimerise with the equivalent surface of the dimerisation 

partner, forming a kidney-shaped dimer with an extensive interaction interface (Figure 1.9). It 

is unclear whether this binding mode exists in XPF-ERCC1 as an ERCC1 nuclease-like 

domain fragment failed to form a complex with a C-terminal fragment of XPF comprising the 

nuclease and (HhH)2 domains when expressed recombinantly in vitro179. In support of this 

secondary heterodimerisation interface in human XPF-ERCC1, the R799WXPF mutation 

reduced NER activity 5-fold due decreased complex stability. This residue is predicted to lie 

in the middle of the β5 strand of the XPF nuclease domain, within the proposed helix-strand-

helix heterodimerisation motif164. 

 

1.2.4 XPF-ERCC1 DNA junction recognition models 
A number of models have been proposed to explain how the XPF-ERCC1 complex targets 

ds/ssDNA junction substrates. The first, based primarily on activity assay data, assumes that 

the XPF nuclease and ERCC1 nuclease-like domains do not interact with each other. In this 

model, dsDNA is bound solely in the XPF active site cleft and the ssDNA is captured by the 

ERCC1 nuclease-like domain and both (HhH)2 domains55,179. Both ssDNA and XPA can bind 

simultaneously to the ERCC1 nuclease-like domain211. A second model, based primarily on 

NMR data, has been proposed in which the ERCC1 (HhH)2 domain recognises dsDNA and 

the XPF (HhH)2 domain recognises ssDNA193,195. This dual recognition mode positions the 

complex at a ds/ssDNA junction and incorporates a preference for poly-guanine in a binding 

pocket within the XPF (HhH)2 domain194. In this model, the ERCC1 nuclease-like domain does 

not contact DNA as previously suggested55,179. A third model, based upon in 

vitro endonuclease assay data, expands upon previous models in proposing that the XPF 

nuclease domain contains a sequence-specific nucleotide binding site 5’ to the scissile 

bond166. In addition, the helicase module has been proposed to interact with the ssDNA portion 

of a model stem-loop DNA substrate166. A fourth model, incorporating elements of the previous 

three, has been proposed in which the XPF nuclease and ERCC1 nuclease-like domains 

heterodimerise and are in close proximity to the heterodimeric 2x(HhH)2 unit191. The ERCC1 

(HhH)2 domain contacts dsDNA and, following strand separation, the ERCC1 nuclease-like 
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domain contacts ssDNA. The sequence-specific nucleotide binding pocket is positioned in the 

XPF (HhH)2 domain, consistent with previous structural information, and sits adjacent to the 

XPF nuclease domain194,195. In this conformation the XPF (HhH)2 domain presents the ssDNA 

strand for cleavage in the nuclease active site. This model relies on the presence of the ability 

of XPF-ERCC1 to separate dsDNA. In this model, the XPF helicase-like module would clamp 

onto the dsDNA duplex and XPF nuclease domains, forming a globular structure. This 

conformation permits the interaction of RPA, bound to the non-damaged strand, with the XPF 

helicase-like module.  

 

1.3  Project aims 
The aim of my thesis was to investigate the overall molecular architecture and mechanism of 

XPF-ERCC1 endonuclease catalytic activation. To tackle these questions, the project was 

split into three different components: the biochemical characterisation of human XPF-ERCC1 

endonuclease activity using in vitro assays, the structural analysis of the XPF-ERCC1 complex 

using cryo-electron microscopy and the development of a model for XPF-ERCC1 recruitment 

and activation using a combination of biochemical, biophysical and structural methods.  

 

To develop a robust readout for XPF-ERCC1 endonuclease activity, efforts were made to 

increase the sensitivity of a real-time fluorescence-based incision assay. This involved the 

design of novel XPF-ERCC1 substrates and quantification of their activity using recombinantly 

expressed protein and material from cell lysates (Chapter 2). To elucidate the molecular 

architecture of XPF-ERCC1, both negative stain and cryo-electron microscopy were 

employed. Initial negative-stain experiments were used to propose a model for the domain 

architecture in the absence of DNA (Chapter 2) that was later validated at high-resolution 

using cryo-electron microscopy (Chapter 3). This high-resolution structure of XPF-ERCC1 

rationalised the mechanism underlying pathologies associated with mutations in XPF and 

ERCC1 (Chapter 3). Furthermore, an intermediate resolution cryo-electron microscopy 

structure of XPF-ERCC1 bound to a DNA junction substrate offered insight on the initial steps 

of DNA substrate-assisted activation and enabled the assembly of a 5’-NER incision complex 

in-silico (Chapter 4). 

 

Finally, to understand how XPF-ERCC1 is recruited to discrete DNA repair pathways, 

biophysical and biochemical experiments were carried out. These experiments were used to 

characterise the binding affinity of DNA repair pathway recruitment factors to XPF-ERCC1 and 

their effect on endonuclease activity (Chapter 4). In addition, a hetero-tetrameric (XPF-

ERCC1)2 complex, potentially involved in ICLR, was characterised biochemically and 
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structurally. The work described in this thesis advances our current understanding of XPF-

ERCC1 regulation, substrate recognition and recruitment to DNA repair pathways.  
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Chapter 2.  
XPF-ERCC1 biochemical characterisation and domain architecture  
 
2.1 Chapter aims  
The aims of this chapter were to characterise XPF-ERCC1 endonuclease activity using 

purified protein or cell-lysates and to combine different structural biology methods to produce 

a preliminary low-resolution model for XPF-ERCC1 architecture.  

 

XPF-ERCC1 is essential for the repair of DNA damage induced by platinum-based 

chemotherapeutics and is an important biomarker for predicting patient response. 

Immunohistochemistry-based approaches have thus-far failed to reliably measure XPF-

ERCC1 expression in tumour tissue. Instead efforts were made to measure levels of structure-

specific activity in cell lysates as a more reliable quantitative measure of XPF-ERCC1 function 

by adapting a real-time fluorescence-based incision assay for use in tumour lysates. XPF-

ERCC1 specific substrates were designed to minimise non-specific substrate cleavage and 

their activity determined in cell lysates, as precursor to tumour lysates. In order to improve the 

sensitivity of assay substrates and to develop a structure-activity relationship for XPF-ERCC1, 

in vitro experiments were carried out to validate and characterise a putative pyrimidine pocket 

in the enzyme active site.  

 

Negative stain electron microscopy (EM) was used to determine the domain architecture of 

XPF-ERCC1. Analysis of XPF-ERCC1 by EM at the outset of this project was complicated by 

the relatively small size of the full-length heterodimer (137kDa) and its globular structure. In 

order to overcome these technical issues, a novel domain label was utilised that increased the 

particle size and assisted in downstream angular reconstruction. In particular, the DiD1-Dyn2-

DiD1 multi-protein label was added to the C-terminus of XPF. Structures were determined for 

labelled XPF-ERCC1 using both negative stain and cryo-EM and unlabelled XPF-ERCC1 

using negative stain EM, however. It was not possible to obtain a high-resolution 

reconstruction. In order to overcome this limitation, the integrative modelling platform was 

used to incorporate data from different sources including negative-stain EM, mass-

spectrometry crosslinking and biochemistry to unambiguously assign the relative position of 

the domains of XPF-ERCC1. 
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2.2 XPF-ERCC1 protein production  
 
2.2.1 Cloning of XPF and ERCC1 into a bacterial expression vector 
A bicistronic pET-Duet-1 plasmid vector (Addgene) containing H. sapiens XPF and ERCC1 

was created using restriction cloning from single gene constructs within the pET-14b vector 

(Novagen) (figure 2.1). Various N and C terminal truncations of both XPF and ERCC1 were 

engineered with the aim of increasing the protein yield. Despite these efforts the unmodified 

wild-type full length XPF-ERCC1 produced the highest yields in E. coli (0.2 mg/ml). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.1. Cloning of human XPF-ERCC1 into a bacterial expression plasmid. XPF cDNA 

was amplified from a host pET-14b plasmid using primers with overhangs containing restriction 

sites complementary to sites in a recipient pET-Duet-1 plasmid, into which the amplified fragment 

was ligated. This process was repeated for ERCC1 cDNA using alternative restriction sites 

yielding a bicistronic expression plasmid.   
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2.2.2 Trial expression of XPF-ERCC1 
The pET-Duet-1 vector containing cDNA for both XPF and ERCC1 was used to transform 

various strains of E. coli to determine which produced the greatest yield of folded recombinant 

protein. Following expression, cells were lysed and XPF-ERCC1 partially purified using a Ni-

NTA pulldown. Protein yields were quantified using a Nanodrop spectrophotometer and 

sample purity was determined via SDS-PAGE (figure 2.2). The three highest expressing 

strains were Rosetta (DE3) pLysS (0.2 mg/ml), BL21 codon-plus (0.22 mg/ml) and AD494 

(0.22 mg/ml). It was decided that despite the slightly lower yield, the Rosetta (DE3) pLysS 

strain would be taken forward as it had been used previously in the laboratory for multiple 

successful projects. The DE3 nomenclature indicates that this Rosetta strain contains the 

λDE3 lysogen that carries the gene for T7 RNA polymerase under control by the lacUV5 

promoter. T7 RNA polymerase expression requires IPTG induction and is required to express 

recombinant genes cloned downstream of a T7 promoter. The pLysS plasmid contains the 

gene encoding T7 lysozyme. T7 lysozyme lowers the background expression level of target 

genes under the control of the T7 promoter but does not reduce expression following IPTG 

induction. 

 

SDS-PAGE analysis of the XPF-ERCC1 complex indicates that the ERCC1 band runs at a 

higher molecular weight than is to be expected for its peptide molecular mass. This suggests 

that ERCC1 may be polyubiquitinated at its C-terminus. The ERCC1 bands are also poorly 

defined suggesting a multitude of different lengths of linear polyubiquitination is present in the 

sample. Future work should seek to determine whether this is indeed the case by using an 

anti-ubiquitin antibody to determine via Western blot whether ERCC1 is ubiquitinated. This 

has implications for downstream structural analysis due to the induction of compositional 

heterogeneity which would impede regular packing of a crystal lattice and the single-conformer 

averaging employed by computational electron microscopy programmes.  
 
2.2.3 XPF-ERCC1 expression in SF21 insect cells 
Bacterial expression of recombinant XPF-ERCC1 was too low for biochemical or biophysical 

methods requiring milligram amounts of complex. Efforts to increase the yield significantly 

through construct modification and expression in alternative E. coli strains had failed. In order 

to produce large amounts of pure heterodimeric XPF-ERCC1 the decision was made to 

express the protein in SF21 insect cells212. The baculovirus-insect cell expression system 

produces high yields of mammalian proteins due to the presence of complex chaperones and 

post-translational modification (PTM) machinery that are lacking in bacteria. It also has a 

different protease profile in cases where clipped forms are observed in bacteria. Literature 
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reports suggest PTMs are present within the complex, for example XPF is phosphorylated at 

serine 521 and 764 and modified with an N6-acetyl group on lysine 289213 whist the C-terminus 

of ERCC1 has been shown to be linearly polyubiquitinylated63. Furthermore, controlling the 

viral titre of infection permits the fine-tuning of expression to minimise aggregation.  

 

 

 
 
 
 
 
 
 
 

  
 
 
 

 
Recombinant baculoviruses were generated from a modified bicistronic pFastBac transfer 

vector containing XPF and ERCC1 cDNA. The construct, originally from Cancer Research 

Technologies, was adapted using restriction enzyme cloning to contain a C-terminal ERCC1 

double streptavidin tag (defined hereafter as a strep tag). SF21 cells were infected in 

suspension in serum-free SfIII media (Invitrogen) at a multiplicity of infection (MOI) of 5 for 72 

hours to induce expression. Protein was purified using Strep-Tactin (IBA life sciences) affinity 

followed by anion exchange (figure 2.3A) and size exclusion chromatography (SEC) (figure 

2.3B). The XPF-ERCC1 complex remained stable and stoichiometric throughout purification. 

It eluted as a single peak in ion exchange chromatography and was identified as highly pure 

using SDS-PAGE (figure 2.3A). Interestingly, loading the pooled single ion exchange peak 

onto a Superdex 200 increase (SD200i) SEC column produced two peaks separated by a 

retention volume of 1.8 ml each corresponding to a distinct association state for XPF-ERCC1 

(figure 2.3B). Both peaks from the SD200i column contained pure XPF-ERCC1 only and did 

not contain any other proteins bound as a complex (figure 2.3C). Mild crosslinking of each 

Figure 2.2. XPF-ERCC1 expression in various E. coli strains. Recombinant XPF-ERCC1 was 

expressed and purified in 12 different E. coli strains. Following expression and partial purification 

using Ni-NTA affinity, samples were analysed by SDS-PAGE to determine sample yield and purity.  



 
 
 

55 

respective peak with BS3214 followed by SDS-PAGE identified two distinct molecular weight 

species, one corresponding to the approximate molecular weight of an (XPF-ERCC1)2 

heterotetramer and another as the canonical XPF-ERCC1 heterodimer (figure 2.3D). This 

crosslinking procedure is designed to stabilise transient molecular species for analysis by 

reducing PAGE enabling the accurate assessment of molecular weight via comparison with 

standards. The concentration of crosslinker is kept at the minimum required for complete 

crosslinking of physiological molecular species to prevent the artificial generation of non-

specific higher molecular weight aggregates.  

 

 

2.3 Biochemical characterisation of XPF-ERCC1 
 
2.3.1 Molecular weight of heterodimeric and heterotetrameric XPF-ERCC1  
SEC fractions containing the higher XPF-ERCC1 molecular weight species were pooled and 

concentrated to 4 mg/ml. After a 2-hour incubation period this sample was re-injected onto a 

Figure 2.3. XPF-ERCC1 purification from SF21 cells. (A) Anion exchange chromatography of XPF-

ERCC1 following streptactin pulldown and TEV cleavage. Blue line presents protein absorbance at 

280nm, red line represents conductivity. (B) Size exclusion chromatography of anion exchange 

purified XPF-ERCC1 using a Superdex 200 increase column. (C) SDS-PAGE gel of SEC fractions 

from across the SD200i trace (D) SDS-PAGE of crosslinked fractions from across the SD200i trace.  
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SD200i column and changes to the chromatogram were analysed to determine whether the 

species exists in equilibrium with the heterodimeric lower molecular weight species (figure 

2.4A). This process was repeated twice, once with a 12-hour incubation and once with a 24-

hour incubation in 500 mM NaCl. The retention volume remained the same for each injection 

indicating that the higher molecular weight XPF-ERCC1 species is stably associated and does 

not exist in equilibrium with the heterodimer.  
 

The molecular mass of each SEC peak was analysed using size-exclusion chromatography 

multi-angle laser-light scattering215 (SEC-MALLS). By integrating retention volume and light 

scattering data, SEC-MALLS is able to accurately determine the molecular weight of each 

SEC species and subsequently inform the XPF and ERCC1 stoichiometry. The molecular 

weight of the smaller molecular weight peak was determined to be 128kDa, 9kDa less than 

the full-length predicted molecular weight of the heterodimer (figure 2.4C). The ERCC1  

Figure 2.4. Characterisation of XPF-ERCC1 heterodimer and heterotetramer using SEC and 
SEC-MALLS. (A) SEC trace for heterotetrameric XPF-ERCC1. Coloured traces represent incubation 

intervals and treatments between each consecutive purification. (B-C) SEC-MALLS chromatograms. 

Red dots indicate estimated molecular weight across the peak. Blue lines indicate UV absorption at 

280 nM. Laser scattering and refractive index peaks not shown. (B) SEC-MALLS chromatogram of 
heterotetrameric XPF-ERCC1. Molecular weight determined to be 290 kDa. (C) SEC-MALLS 

chromatogram of heterodimeric XPF-ERCC1. Molecular weight determined to be 128 kDa. 

A 

B C 
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component of heterodimeric XPF-ERCC1 runs below its full-length molecular weight on SDS-

PAGE and it is likely that 90 residues at the N-terminus of ERCC1 are proteolytically cleaved 

during expression, accounting for the discrepancy in molecular mass. The mass of the higher 

molecular weight peak was determined to be 290kDa, confirming that it represents a (XPF-

ERCC1)2 heterotetrameric form (figure 2.4B). This molecular weight corresponds to the 

association of 2, full length XPF-ERCC1 heterodimers in which the N-termini of each ERCC1 

subunit remains intact and protected from proteolysis. 

 

2.3.2 Endonuclease activity of heterodimeric and heterotetrameric XPF-ERCC1 
In order to determine the kinetics of XPF-ERCC1 endonuclease activity in vitro, a real-time 

fluorescence-based incision assay was used (figure 2.5A). This assay was developed in 

house and uses stem-loop substrate with a 5’ fluorophore (fluorescein) and a 3’ fluorescence 

quench166 (black- hole quench). The stem-loop is annealed to form a 10 base-pair duplex 

structure and an unpaired 20 thymine loop region. Due to the close proximity of the fluorophore 

and the quench, this structure produces a negligible amount of background fluorescence. In 

the presence of XPF-ERCC1 structure-specific activity, the stem loop is nicked by cleavage 

of the phosphodiester backbone at a single site 2 nucleotides 5’ to the ds/ss DNA junction, 

but in only one strand of the duplex with defined polarity. The reaction is carried out at 30°C 

to ensure the spontaneous dissociation of the post-cleavage 8 nucleotide single strand for 

which the Tm is 29°C. Dissociation of the cleaved fragments separates the fluorophore and 

quench and fluorescence is detected using a spectrophotometer. By increasing the 

concentration of XPF-ERCC1 in each reaction with a fixed amount of substrate it is possible 

to determine the reaction kinetics.  

 

This endonucleolytic activity assay was used to determine the kinetic parameters for both the 

XPF-ERCC1 heterodimer and heterotetramer given the site single nicked in this substrate. 

Interestingly, the heterotetrameric form of XPF-ERCC1 exhibits approximately half Vmax and a 

2-fold tighter KM relative to the heterodimer when incubated with substrate at equimolar ratios, 

suggesting only one active site is engaged at any one time (Table 2.1). This is rationalised by 

the fact that the stem-loop substrate was designed as the minimum length of substrate 

required for a single-site incision by the heterodimer. Therefore, a single substrate is too small 

to be engaged by two active-sites simultaneously whilst potentially preventing the 

simultaneous binding of two DNA molecules to the heterotetramer. An alternative explanation 

is that there is one dominant active site and one which is not functional in each heterotetramer.  
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2.3.3 Adapting the endonuclease assay for use in tumour tissue 

In order to predict patient response to platinum-based chemotherapeutics, efforts were made 

to adapt the current endonuclease assay for use in tumour tissue samples. Patient samples 

contain a variety endo and exonucleases, helicases and DNA glycosidases, that are capable 

of modifying the stem-loop substrate structure resulting in non-specific fluorescence. For the 

assay to be clinically relevant, the assay was designed to be as simple as possible to ensure 

reliability and cost effectivity. As such, rather than purifying the endogenous XPF-ERCC1 from 

patient samples, substrates were designed that were specific for XPF-ERCC1 cleavage whilst 

being resistant to non-specific factors that would generate false positive signal.  

XPF-ERCC1 Expression Vmax (fmol/min) KM (nM) kcat (min-1) 
Heterodimer  SF21 104.7 ± 2.8 12.1 ± 1.4 20.93 ± 0.66 

Heterotetramer SF21 60.3 ± 1.9 5.2 ± 1.3 20.9 ± 0.7 

Heterodimer E. coli 44.1 ± 8.6 6.4 ± 3.3 14.2 ± 3.6 

Figure 2.5. Real-Time fluorescence-based XPF-ERCC1 incision activity assay. (A) Cartoon 

illustrating the principle of the activity assay. A stem-loop substrate is cleaved by XPF-ERCC1 

permitting the release of a fluorescent oligonucleotide from a quench (B) Michaelis-Menten non-linear 
regression curve fit of XPF-ERCC1 activity assay data (n=3). Green – heterodimer, blue – 

heterotetramer. Error bard indicate standard deviation.  

Table 2.1 Recombinant XPF-ERCC1 endonucleolytic kinetic parameters. XPF-ERCC1 catalytic 

parameters from recombinant protein expressed in SF21 insect cells and E. coli. Values are 

obtained from the averaging of three technical replicates (n=3) +/- their standard error.  
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XPF-ERCC1 specific (XS) substrates that are resistant to general nuclease degradation were 

designed in which the sugar moieties in the oligonucleotide backbone were linked by 

phosphate groups containing a non-bridging sulphur atom (figure 2.6A). These 

phosphorothioate (PS) linked oligos are resistant to cleavage by exo and endonucleases. 

These substrates were designed to contain a scissile uracil, flanked by two conventional 

phosphodiester bonds. This uracil is situated at the specific stem-loop cleavage site of XPF-

ERCC1, two nucleotides 5’ to the ss/ds transition. Termini that did not already contain a 

fluorophore or quench modification were biotinylated to inhibit helicase loading and 

exonuclease degradation. Four substrates were designed with varying structures: a stem loop 

with a 10 bp duplex, long stem-loop with a 28 bp duplex, a fork substrate with a 10 bp duplex 

and 23 nucleotide length arms and a long fork substrate with a 10 bp duplex and 23 nucleotide 

length arms (figure 2.6A). 

 

In order to determine whether the in vitro assay could detect differences in XPF-ERCC1 

activity in a biological context, the XS stem loop was incubated with nuclear and cytoplasmic 

extracts derived from both Hela cells and the ERCC1 deficient CHO433B cell line192 (figure 

2.6B-E). 50 ml cultures of each cell line were grown and pelleted by cell services and the 

protein extracted in 5 ml buffer prior to incubation with an XS substrate. Various extract 

dilutions were trialled with a fixed amount of substrate with a 1 in 10 dilution giving the best 

dynamic range of activity.  

 

The specific activity measured in nuclear extracts was significantly greater than that of 

cytoplasmic extracts from both cell lines for all substrates tested, indicating that nuclear 

extraction enriches for XPF-ERCC1 activity (figure 2.6B-E). Residual activity was observed 

for cytoplasmic extracts with all four substrates which was not expected considering XPF 

ERCC1 is found primarily in the nucleus. This fluorescence may occur due to nuclear extract 

contaminating the cytoplasmic extract or as a result of a non-specific cytoplasmic factor. 

Encouragingly, activity in Hela cell nuclear extracts was significantly higher than that of nuclear 

extracts from the CHO344B cell line (figure 2.6B-E). Since the major difference in protein 

expression between these two cell lines is the lower ERCC1 expression found in CHO433B, 

it suggests that the difference in activity observed is as a result of XPF-ERCC1 specific 

cleavage. The total amount of fluorescence produced by each substrate was very similar with 

the long-fork substrate reaching the highest Vmax, however. The greatest difference in Vmax 

between CHO433B and Hela extracts was for the fork substrate (figure 2.6D). The 10 bp 

duplex fork substrate was selected for further characterisation.  
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Figure 2.6 Nuclease resistant substrate activity in cell lysates. (A) Structure and sequence of 

nuclease-resistant substrates. F – fluorophore, Q – quench, * - primary mapped position of XPF 
cleavage. (B-E) Michaelis-Menten non-linear regression curve fits of XPF-ERCC1 activity assay data 

(n=3), error bars represent standard deviation. Each substrate was assayed using Hela nuclear and 

cytoplasmic extracts and CHO433B nuclear and cytoplasmic extracts. Vmax values given in fmol/min 

and KM in nM (B) Endonuclease activity of stem loop substrate. (C) Endonuclease activity of long 

stem loop substrate. (D) Endonuclease activity of fork substrate. (E) Endonuclease activity of long 

fork substrate. 

Vmax s.d. KM s.d.
Hela Nuc 84.5 5.5 150 28
Hela Cyto 27.8 4.4 331 110
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Negative control experiments using the fork substrate were set up to determine the 

background fluorescence activity and whether increases in signal were as a result of the direct 

action of XPF-ERCC1 (figure 2.7A). Fluorescently labelled fork substrates containing a full PS 

backbone (hereafter referred to as nuclease dead) were assayed for activity in CHO433B and 

Hela nuclear extracts. Use of the nuclease dead (ND) fork resulted in a 4.5-fold reduction in 

Vmax relative to the XS fork in Hela lysate indicating that specific cleavage 2 nucleotides 5’ to 

the ds/ss junction is the primary source of fluorescence. A lesser fold reduction of 1.7 observed 

for the ND fork in CHO433B nuclear extract relative to the XS fork indicates that incision is still 

occurring in this ERCC1 deficient cell line, at a lower rate than in Hela nuclear extract, and it 

is likely as a result of the action of XPF-ERCC1.  

 

Finally, an inhibitor of XPF-ERCC1 included in the assay at 400 µM reduced the activity seen 

for the fork substrate in the Hela nuclear extract 9.3-fold, to a rate comparable to the CHO433B 

nuclear extract with ND fork (figure 2.7B). This suggests that XPF-ERCC1 is the factor which 

produces the differences in fluorescence observed in the CHO433B and Hela cell lines. 

Despite this, the high concentration of inhibitor and its likely broad reactivity against metal-

dependent nucleases, may produce off-target effects and a more potent, specific inhibitor is 

ideally needed for this assay. A background level of fluorescence was observed for all 

substrates, suggesting that non-XPF-ERCC1 factors are contributing to this signal.  

 
Figure 2.7 Nuclease resistant fork negative control assays and inhibition. (A) Michaelis-Menten 

non-linear regression curve fits of XPF-ERCC1 activity assay data (n=3). Error bars indicate standard 

deviation. Nuclease resistant and dead substrates was assayed using Hela and CHO433B nuclear 

extracts ± XPF inhibitor. Vmax values given in fmol/min and KM in nM. (B) IC50 curve for XPF inhibitor 
N-Hydroxy-1,8-Naphthalimide Fluorescence was determined on the 384 well platform over a range 

of inhibitor concentrations. Data were plotted and curve fitted using GraphPad Prism 7. The error 

bars indicate the standard error of mean (n = 3). 
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2.3.4 Characterisation of the XPF pyrimidine pocket 
Substrate recognition and cleavage by XPF-ERCC1 has been considered sequence 

independent and structure specific, however. Previous work in our lab identified a preference 

for a pyrimidine 5′ to the scissile phosphate at the incision site166. Substitution of thymine for 

adenine or guanine at this position reduced the Vmax 2.8-fold. Interestingly, substitution of 

thymine for uracil at this site increased both the Vmax 5.3-fold and the KM 3-fold, suggesting 

that efficient incision promoted release of the complex from its product. Since the only 

difference between thymine and uracil is the presence of a single methyl group on the 5-

position of the sugar ring, it was hypothesised that exocyclic groups on pyrimidine bases 

disfavour entry to the XPF active site. In order to test this hypothesis, activity assays were  

Figure 2.8 Characterisation of XPF pyrimidine pocket. (A) Chemical structure of relevant 

nucleobases (B) Michaelis-Menten non-linear regression curve fits of XPF-ERCC1 activity assay data 

(n=3). Blue – deoxuridine, purple – 4-thio deoxyuridine, green – 2-thio deoxyuridine, red 5-fluoro 

deoxyuridine. (C) Cartoon of assay substrate with X representing site of modified base inclusion. (D) 
Activity assay data. Vmax values given in fmol/min and KM in nM.  

3’ GTCGCATCC 

X Base Vmax s.d. KM s.d.
dU 792 19 21.9 1.8
4'F U 390 22 33.1 4.7
2-Thio dU 560 35 55.5 9.2
4-Thio dU 581 13 17.9 1.5
T 105 2.8 12.1 1.4
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carried out using the published model assay substrate, containing modified pyrimidines one 

nucleotide 5’ to the cleavage site (figure 2.8B). The presence of exocyclic groups at ring 

positions 2, 4 and 5 inhibited XPF-ERCC1 Vmax 1.41, 1.36 and 2.04-fold respectively (figure 

2.8D). This provides the basis for the development of a structure-activity relationship for XPF-

ERCC1. 

 

2.4 Negative stain EM of labelled XPF-ERCC1 
 

2.4.1 XPF-ERCC1 domain labelling 

Analysis of XPF-ERCC1 by EM is made challenging by the small size of the recombinant 

protein (128kDa) and its globular structure. This results in low signal-noise data in micrographs 

and can make particle picking and accurate angular alignment difficult. As such a novel 

domain labelling strategy was employed that labelled the XPF C-terminus with a multi-protein  

tag comprising S. cerevisiae dynein light chain 2 (Dyn2) and the Dyn2 interacting domain (DiD) 

of nucleoporin 159216 (Nu159). Dyn2 forms a stable homodimer containing two juxtaposed 

binding grooves that recognise a single Nu159 DiD binding motif. Nup159 DiD contains six 

Dyn2 recognition motifs, each separated by a short linker, between its FG (phenylalanine–

glycine) repeats and the C-terminal coiled-coil domain. Dyn2 is therefore capable of forming 

a platform for the parallel dimerisation of two DiD molecules, one cloned into the C-terminus 

of XPF and another expressed recombinantly in isolation (figure 2.10). NMR has shown DiD 

to be intrinsically disordered and that binding of one Dyn2 dimer induces cooperative binding 

of a further 4-5 Dyn2 dimers217. This results in the formation of a prominent 20-23 nm rod-like 

structure in which 5-6 Dyn2 homodimers are sandwiched between two extended DiD strands 

(figure 2.9A). Due to the presence of endogenous dynein within SF21 insect cells, DiD1 

labelled XPF was produced in complex with ERCC1 from E. coli. It was rationalised that DiD 

labelled XPF would bind endogenous dynein during expression which would prevent the 

isolation of purified recombinant XPFDiD1-ERCC1 complex.  

 

The first DiD sequence was cloned into the C-terminus of XPF (DiD1) and expressed from a 

bicistronic bacterial expression vector also containing ERCC1. Following Strep-Tactin affinity 

purification, using desthiobiotin for elution, XPFDiD1-ERCC1 was further purified by consecutive 

heparin and anion exchange chromatography prior to SEC using a Superose 12 column. This 

produced a low yield (0.2 mg/L) of sample which was consistently contaminated with non-

specific protein partners that did not appear when XPF-ERCC1 was expressed in bacteria in 

the absence of the DiD1 sequence. This suggests the DiD1 component non-specifically binds 

endogenous E. coli protein (figure 2.10A). Dyn2 expression produced very high yields of stable  
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Figure 2.9 Assembly and characterisation of the XPFDiD1-ERCC1-Dyn2-DiD2 complex. (A) 
Cartoon for complex assembly and silver-stained SDS-PAGE gel (B) Cartoon highlighting DiD binding 
sequence within the Nu159, QT Dyn2 binding motifs highlighted in red (C) XPF-ERCC1 activity assay 

for XPF-ERCC1 expressed recombinantly in SF21 insect cells and the XPFDiD1-ERCC1-Dyn2-DiD2 

complex including XPF-ERCC1DiD1 expressed recombinantly in E. coli. 
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Figure 2.10 Purification of labelled XPF-ERCC1 components. SDS-PAGE gels of fractions from 

corresponding SEC trace (A) Purified XPFDiD1-ERCC1 in fractions C7 and C8 of a Superose 12 

chromatograph and SDS-PAGE gel of corresponding fractions (B) Dyn2 Superdex-75 trace and SDS-
gel of corresponding fractions (C) DiD2 Superdex-75 trace and gel of corresponding fractions (D) 
XPFDiD1-ERCC1-Dyn2-DiD2 complex Superose 6 trace and SDS-gel of corresponding fractions. 
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dimeric protein (>50 mg/L). Dyn2 was purified using Ni-NTA resin followed by affinity-tag 

cleavage by added 3C protease and SEC using a Superdex-75 increase column (figure 

2.10B). Expression of the unconjugated DiD sequence (referred to hereafter as DiD2) 

produced a good yield of 6 mg/L. DiD2 was purified via GST affinity methods followed by TEV 

cleavage and SEC using a Superdex-75 increase column (figure 2.10C). The XPFDiD1-ERCC1-

Dyn2-DiD2 complex was assembled in vitro and the extant tandem-Strep affinity tag on the C-

terminus of ERCC1 used to purify and separate the assembled complex. The sample was 

further purified to homogeneity via SEC using a Superose-6 column (figure 2.10D).  

  

2.4.2 Data collection and 2D classification 
Negative stain electron microscopy grids were prepared of the XPFDiD1-ERCC1-Dyn2-DiD2 

Complex (Labelled XPF) and imaged using a Tecnai F20 electron microscope. 512 

micrographs were collected, from which 15,834 particles were manually picked and 

extracted (figure 2.11A). Picking was significantly aided by the clearly visible multi-protein 

label. These particle images were classified in 2D using the Iterative Stable Alignment and 

Clustering (ISAC) procedure in Eman-2 (figure 2.11B). The 2D classes were well aligned 

and showed clear density both for the label ‘tail’ and the XPF-ERCC1 ‘head’. 12 % of 

classes showed poor density for the XPF-ERCC1 head component so were discarded from 

further processing. Interestingly, the number of globular Dyn2 dimers incorporated into the 

label tail seemed to vary from 5-6 with an approximate 50% occupancy for each 

respectively, however. It was challenging to unambiguously identify whether the globular 

feature closest to the head was a promontory derived from XPF-ERCC1 or an additional 

Dyn2 dimer. The XPF-ERCC1 component density is well defined suggesting there is 

minimal movement within the linker sequence at the interface between the label and the 

XPF-ERCC1 head. 

 

2.4.3 3D Classification and refinement  
3D classification was carried out on the 13,934 particles that were selected for in 2D 

classification. Classification in Relion-2218 used a previously calculated reconstruction of DiD1-

Dyn2-DiD2, in the absence of XPF-ERCC1, as an initial alignment reference. Three classes 

were generated, two of which exhibited clear XPF-ERCC1 density (figure 2.12A). These 

classes, comprising 78% of input particle images were selected for 3D refinement and the 

other class, lacking XPF-ERCC1, was discarded.  
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B 

A 

Figure 2.11 Labelled XPF-ERCC1 electron microscopy and 2D classification. (A) Electron 

micrograph of labelled XPF-ERCC1. Representative selection of particles selected with a box size 

320 Å in diameter. (B) Representative ISAC 2D classes of labelled XPF-ERCC1. 
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The structure was refined using a novel procedure involving multiple rounds of iterative 

multivariate statistical analysis and multi-reference alignment in SPIDER219 followed by 

projection matching in IMAGIC220. Only particles with β Euler angles between 88-92° were 

included and 3D reconstructions were created using icr3d from 7431 particles. No end-

views looking down the long axis of the labelled XPF-ERCC1 are required for an anisotropic 

3D reconstruction due to the projection theorem. This states that the Fourier transform of a 

projection of an object, in this case our particle images, has the same amplitudes and phases 

as a central slice through the 3D Fourier transform of the object. Therefore, as long as there 

is coverage of all molecular views in one plain, all of the molecule can be described. The final 

refinement yielded a reconstruction at 25.6 Å resolution (figure 2.12B-D). The volume of the 

XPF-ERCC1 head component was measured using UCSF Chimera221 as 160 Å2 which is 

consistent with the 128 kDa molecular weight estimation of heterodimeric XPF-ERCC1 

using the approximation, 1 kDa = 1.23 Å2. Despite this, the map resolution was too low to 

reliably fit high-resolution structures of known XPF-ERCC1 domains. There were too many 

degrees of freedom to be confident of the domain positions. Figures 2.12C and D show the 

high-resolution structure of XPF-ERCC1 retrospectively fit into the reconstruction. 

 

 

 
 
 

Figure 2.12 3D classification and refinement of the XPFDiD1-ERCC1-Dyn2-DiD2 complex. (A) 3D 

classes of labelled XPF-ERCC1. (B) Refined labelled XPF-ERCC1 structure highlighting the 
dimensions of the XPF-ERCC1 component (C) Refined labelled XPF-ERCC1 with high-resolution 

structure retrospectively fit into the volume. 
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2.5 Labelled XPF-ERCC1 cryo-EM  
 
2.5.1 Grid preparation and data collection 
Cryo grids of labelled XPF-ERCC1 were prepared with the assistance of Fabienne Beuron at 

the Institute for Cancer Research. Continuous carbon Quantifoil R1.2/1.3 400 mesh grids were 

prepared using a FEI Vitrobot mark IV. A continuous carbon layer was utilised due to the low 

concentration of labelled XPF-ERCC1 and the comparatively higher protein concentration 

required for the use of open holes. The blot time was optimised to produce sufficiently thin 

and uniform vitreous ice containing particles with good contrast. Screening of these grids was  

completed using a Tecnai F20 electron microscope. The particles were found preferentially in 

thick ice which limited contrast and required imaging at a high defocus of between 3 – 4.5 µM. 
 

Grids were loaded into a Titan Krios operated at 300 kV. Images were collected in integration 

mode using a Gatan K2 Summit direct electron detector camera mounted behind a GIF 

Quantum energy filter operating in zero-loss mode with a slit width of 20 eV. Following motion 

correction and frame alignment, the micrographs showed clear molecular images of 

labelled XPF-ERCC1 embedded in vitreous ice (figure 2.13A). The particles were 

preferentially clustered at the interface between thick and thin ice, however. No large-scale 

aggregation was identified and there was negligible crystalline ice contamination. 

Inspection of the Thon rings of the micrograph power spectra indicated the presence of 

high-resolution spatial frequencies with Thon rings extending from between 4.2 – 12 Å 

resolution (figure 2.13B). However, the electron scattering of continuous carbon is 

convoluted with the scattering from the protein sample making the resolution estimation 

unreliable for determining subsequent reconstruction resolutions. 

 

2.5.2 Pre-processing and 2D classification 
2401 micrographs were collected of labelled XPF-ERCC1 with motion correction and CTF 

estimation carried out on-the-fly. The aligned micrographs were manually inspected and those 

with large amounts of crystalline ice, excessively thick or thin ice or anomalously high defocus 

(>5 µM) were rejected, leaving 1988 for particle picking. A total of 429,121 particles were 

picked using XMipp-3222 semi-automated, Gaussian based picking methods and extracted 

using Relion-2218. Extracted particles were screened using Xmipp-3222 particle sorting and the 

subsequent stack of 384,31 particles were classified in 2D using Relion-2218. 2D classification 

using default parameters failed to partition particles into a diverse range of molecular 

orientations. In order to overcome this, classification was carried out for 50 iterations with an 

angular sampling interval of 3.7° in order to sample the data more finely and identify subtly  
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different conformations. This was likely necessary due to the strong density for the DiD-Dyn2-

DiD2 tail dominating the alignment. 5 rounds of 2D classification using these parameters 

partitioned the data into approximately 50 well resolved classes, however. High-resolution 

features were not observed (figure 2.13C). Inspection of the raw particles suggested that many 

of the particles picked were in fact noise, limiting the resolution of subsequent reconstruction. 

Multiple different picking strategies and software including Relion218, XMipp-3222 and 

Gautomatch were trialled to eliminate this issue. However, due to the poor contrast of the 

micrographs picking remained sub-optimal and non-protein carbon areas were frequently 

picked. Inspection of the classes also suggested that there is rotation between the label tail 

and XPF-ERCC1 head which could also limit reconstruction resolution.  

 

2.5.3 3D classification and refinement 
The 113,413 particles selected for using 2D classification were classified in 3D using Relion-

2218. Angular sampling was once again reduced to 3.7° which over sampled the data leading 

to radial density streaking but effectively partitioned the XPF-ERCC1 free particles into 

discrete classes. Reconstructions were Gaussian filtered to reduce oversampling. The first  

Figure 2.13 Labelled XPF-ERCC1 cryo EM data collection and 2D classification. (A) CryoEM 

micrograph of labelled XPF-ERCC1. Representative selection of particles boxed in a 340 Å box size 

(B) 2D power spectra for the same micrograph with Thon rings extending to 5.2 Å determined 

following CTF fitting (C) Representative selection of cryoEM 2D class averages. 
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Figure 2.14 Labelled XPF-ERCC1 data processing pipeline. (A) Data processing flow outlining 

steps taken from data collection, pre-processing, picking, extraction, sorting, 2D classification, 3D 

classification, refinement and masked refinement. (B) Bottom, results of masked refinement 

focussing on the XPF-ERCC1 head. Top, viewing direction distribution of particles during refinement 
(C) FSC curve for masked refinement at 12.8 Å resolution (D) FSC curve for refinement of the total 

labelled structure at 13.4 Å resolution. 
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round of 3D classification produced two classes, comprising 62% of input particles, with clear 

density for the XPF-ERCC1 head and DiD-Dyn2-DiD2 tail (figure 2.13A). In the second round 

of 3D classification three classes displayed good head and tail density but only two were 

carried forward for refinement due one class displaying a low-resolution XPF-ERCC1 

component.  

 

A total of 45,705 particles were refined using the 3D auto-refine procedure in Relion-2218 to a 

resolution of 13.4 Å (figure 2.13A). It is likely that the low resolution of the reconstruction 

was due to flexibility between the tail and head components. As such, masked refinement 

was carried out on the XPF-ERCC1 component which improved the resolution to 12.8 Å 

which permitted the assignment of XPF-ERCC1 domain architecture (figure 2.15B). It is 

likely, the low resolution of the reconstruction is a consequence of insufficient particle 

images, coupled with the low signal-noise micrographs, resulting in low accuracy angular 

assignment. A further consideration is that the addition of the label may alter the structure 

of XPF-ERCC1. 

 

2.5.4 XPF-ERCC1 domain architecture modelling 
Existing high-resolution structures were fit to the XPF-ERCC1 head density using the fit-in-

map rigid body docking feature in the molecular visualisation software UCSF Chimera221 

(figure 2.15B). These included the ERCC1 NLD crystal structure (PDB code:2A1I) and the 

dimeric (HhH)2 domain (PDB code:2A1J). The positioning of the dimeric (HhH)2 domain was 

guided by the fact that the DiD1 component of the domain label was fused to the C-terminus 

of XPF therefore marking it as the juncture between the head and tail density. Homology 

models were generated for the XPF nuclease, helical, RecA1 and RecA2 domains using 

Phyre2223 and then fitted into the map using the UCSF Chimera221. Structural homology 

with superfamily SF2 helicases suggests that the RecA1 and RecA2 domains contact one 

another and form a modular unit reducing the number of possible arrangements.  

 

Despite a previous report suggesting that the XPF nuclease domain and ERCC1 NLD do 

not dimerise, the presence of a kidney-shaped region of density with the correct volume to 

accommodate such a configuration was apparent in the structure. As such, the XPF 

nuclease domain and ERCC1 NLD were placed into the map as a single module, leaving 

only one region of density unassigned. This was interpreted to correspond to density for 

the XPF helical domain and a homology model was placed into this density to complete the 

XPF-ERCC1 domain architecture. It was noted that a similar arrangement was apparent in 

the structurally homologous MDA5197 helicase bound to nucleotide further supporting the 
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map interpretation. The model suggested that XPF-ERCC1 had intramolecular domain 

contacts potentially having a regulatory role. For example, the ERCC1 dsDNA binding 

hairpins were not solvent accessible due to their interaction with the XPF helical domain, 

sterically preventing them from binding DNA. 

 
2.6 Unlabelled XPF-ERCC1 negative stain EM 
 
2.6.1 Experimental rationale 
Moving from XPF-ERCC1 expression in E. coli to SF21 insect cells greatly increased the 

sample yield and purity (Figure 2.3B and C), enabling the generation of high-quality negative 

stain EM grids of the unlabelled complex. This sample was characterised on EM grids to 

address concerns that the presence of the domain label was interfering with the structure of 

the XPF-ERCC1, limiting the resolution of cryo-EM reconstruction. In order to be confident 

with the domain architecture proposed from the labelled cryo-EM reconstruction it was decided 

to solve a negative stain EM structure of the unlabelled protein and determine the degree of 

convergence. Due to the lower resolution of the technique, supporting orthogonal mass 

spectrometry information was sought to confirm the preliminary model. Crosslinking mass 

Figure 2.15 Domain Fitting into XPF-ERCC1 cryoEM density. (A) Domain architecture of XPF-

ERCC1, numbering indicates domain boundaries used for homology modelling and dotted lines 

indicate dimerisation interfaces (B) Domain architecture of XPF-ERCC1 fit into the head component 

of the labelled map. Domains colour coded and rigid body fit to the density. 
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spectrometry (XLMS) experiments224 were initiated with Proteomics STP and data was 

collected in collaboration with Aaron Borg to confirm and further independently validate the 

positioning of XPF and ERCC1 protein domains. Subsequently, negative stain EM, XLMS and 

biochemical data were combined using an Integrative Modelling Platform to produce a model 

for XPF-ERCC1 domain architecture with high confidence. 

 

2.6.2 Grid preparation and data processing 
Negative stain electron microscopy grids were prepared of the unlabelled heterodimeric 

XPF-ERCC1 complex and imaged using a Tecnai F20 electron microscope. 1,124 

micrographs were collected from which 227,196 particles were autopicked and extracted 

(figure 2.16A). 3 rounds  

 

of 2D classification reduced the number of particles to 178,223 (figure 2.16B). Particles were 

rejected if too large (particle diameter >150 Å) or due to the presence of neighbouring particles 

in the classes. These particles were further classified into five 3D classes using the labelled 

XPF-ERCC1 head component as a reference. Classes were selected based on whether the 

density was contiguous and the volume matched that of XPF-ERCC1 (approximately 160 Å2). 

Figure 2.16 XPF-ERCC1 negative stain EM micrograph, 2D and 3D classes. (A) Inverted contrast 

negative stain micrograph of XPF-ERCC1. Representative particles picked with 180 Å diameter box 

size (B) Representative selection of 2D class averages from Relion-2 using a 140 Å diameter mask. 

(C) 4 views of the 19.4 Å resolution reconstruction of XPF-ERCC1. 
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99,862 particles from such classes were refined to 19.4 Å resolution in Relion-2218 (figure 

2.16C). The map was similar to that obtained using cryo-EM of the labelled XPF-ERCC1, 

however. The relative positioning of the helical domain was different. In the negative stain the 

helical domain appears to contact the RecA1 domain rather than the RecA2. 

 

2.6.3 Integrative modelling platform  
The EM reconstruction of unlabelled XPF-ERCC1, XLMS data and fitted XPF and ERCC1 

domain models were combined and represented as subunits related by weighted spatial 

restraints (figure 2.17). Crosslinking mass spectrometry (XL-MS) analysis was carried out in 

collaboration with Aaron Borg from the mass spectrometry science technology platform. This 

method involved the treatment of both purified recombinant heterodimeric and 

heterotetrameric XPF-ERCC1 with a low concentration of the cleavable crosslinker DSSO 

disuccinimidyl sulfoxide (DSSO) to crosslink the surface exposed lysine residues. Following 

proteolytic digestion, fragments are separated by their mass/charge ratio in the MS1 phase 

and the crosslinked peptides are enriched. A subsequent cleavage step breaks the crosslinker 

asymmetrically and the XPF and ERCC1 peptides that were previously linked are able to be 

sequenced in the MS2 phase, identifying co-proximal regions within the complex. Due to the 

known length of the crosslinker, C-alpha to C-alpha distance constraints can be inferred from 

the peptides which co-elute together in the MS2 phase225. These data were used to develop 

a pseudo atomic model for XPF-ERCC1 in conjunction with the negative stain EM envelope. 

This initial model was subjected to a sampling run that identified the highest scoring 

conformations which minimised deviation from the model restraints. Penalties were incurred 

for models moving out of the EM envelope or residue pairs exceeding the distances defined 

by chemical crosslinking. Finally, the best scoring conformations were analysed and 

clustered226. The EM scoring was carried out by means of the cross-correlation between the 

model and experimental densities whilst changes to the standard lysine Ca - Ca crosslink 

distance of 28 Å were penalised.  

 

Overall, the highest scoring model was very similar to the model generated using the labelled 

XPF-ERCC1 cryo-EM map (described later) with one exception. The relative orientation of the 

helical domain in the unlabelled structure is perpendicular to that of the labelled. The Ca 

RMSD for the two structures over XPF C-alpha positions 1-219 and 430-906 (excluding the 

helical domain) is ~9Å and ~24 Å for the isolated helical domain. The helical domain density 

in the unlabelled XPF-ERCC1 reconstruction differs from that of the labelled and it is likely 

that the large penalty for the model moving out of the density favoured the differing 

perpendicular orientation. The helical domain is not in the vicinity of the DiD1 label and it is  
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unlikely that the addition of the label perturbs its conformation. Instead it may reflect a real 

arrangement of the helical domain or a limitation of the approach It should be noted that 

many lower scoring model configurations placed the XPF helical domain in a more similar 

orientation to that observed in the labelled structure. 

 

2.7 Chapter summary 
In this chapter, experiments were carried out that detected a specific XPF-ERCC1 activity 

signal in cell lysates using nuclease-resistant substrates. Significant differences in activity 

between Hela and ERCC1 deficient CHO433B cell lines were measured and activity was 

shown to be enriched following nuclear extraction. The screening of different assay substrates 

identified the 10 base-pair duplex fork as the best candidate for future optimisation. This lays 

Figure 2.17 Pipeline and results of the integrative modelling platform. Schematic showing the 

key steps taken to generate a high-confidence domain architecture model for XPF-ERCC1. Negative 

stain EM, XLMS, crystallography and biochemical data were combined as inputs and clusters of high-

probability models were generated. The highest confidence model is shown at the bottom with XPF 

domains in pink and ERCC1 in blue. Crosslinked residues identified from crosslinking mass 

spectrometry are displayed as yellow lines. 
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the groundwork for the development of a diagnostic fluorescence activity assay in tumour 

tissue.  

 

The presence of a pyrimidine pocket in XPF, 5’ to the scissile phosphodiester bond, was 

characterised through the use of modified uracil containing stem-loop substrates. It was shown 

that the presence of exocyclic groups at ring positions 2, 4 and 5 are selected against to 

engage the substrate-binding site. This provides the basis for a structure activity relationship 

between XPF-ERCC1 and its substrate and permits the future design of more sensitive assay 

substrates.  

 

A domain architecture model for XPF-ERCC1 was proposed using a combination of negative 

stain and cryo-EM. The DiD1-Dyn2-DiD2 domain label was validated as a useful structure for 

assisting particle identification and reconstruction in 3D and for mapping the C terminus and 

therefore the location of the XPF (HhH)2 domain. Rotation between the label and XPF-ERCC1 

domains limited to the reconstruction to 12.8 Å resolution suggesting that its use is limited to 

low-resolution studies such as locating N or C termini and domain mapping. Despite this, it 

was possible to place the individual domains into the 3D envelope and generate a complete 

model for XPF-ERCC1 domain architecture. The model proposes that the XPF nuclease 

domain and ERCC1 NLD are dimerised and the RecA1, RecA2 and helical domains adopt a 

“C”-shaped conformation similar to that of active helicases. Furthermore, the positioning of the 

dimeric (HhH)2 domains suggests that they are not capable of binding DNA in the absence of 

substrate and that they must become uncoupled from the helical domain for the molecule to 

become catalytically competent. 

 

The cryo-EM domain model was validated by combining negative stain EM of the unlabelled 

XPF-ERCC1 with crosslinking mass spectrometry data to generate an independent alternative 

model. The models from the two sources agreed on the positioning of all domains other than 

the XPF helical domain. The alternative conformations arise due to differences in the EM maps 

suggesting that the helical domain can be placed with lower confidence. 
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Chapter 3 
High Resolution Structural Characterisation of XPF-ERCC1 
 

3.1 Chapter aims 
The aim of this chapter was to solve the first full-length structure of human XPF-ERCC1 using 

cryo-EM. Insights from X-ray crystallography and NMR spectroscopy have been limited to 

structures of individual human XPF or ERCC1 domains or of truncated forms of MUS81-Eme1 

and a homodimeric archaeal homolog that lack a helicase-like module and have distinctive 

fork substrate preferences to human XPF-ERCC1. A complete model of human XPF-ERCC1 

would explain how the helicase-like module controls the catalytic module. With recent 

advances in single particle cryo-EM software and hardware, a fresh approach was taken to 

determine a full-length XPF-ERCC1 structure that did not require crystals of the intact complex 

given the historical challenges in crystallising XPF-ERCC1.  

 

During the DNA damage response, the activity of XPF-ERCC1 must be tightly regulated to 

prevent promiscuous cleavage and genomic instability. Evidence for this regulation is shown 

by the lack of activity of XPF-ERCC1 towards dsDNA or ssDNA. Instead XPF-ERCC1 will only 

cleave particular types of DNA-junction substrates suggesting tight regulation exhibited by full 

length XPF-ERCC1. It has been suggested that the XPF helicase-like module, comprising 

RecA1, RecA2 and helical-like domains, is able to auto-regulate XPF-ERCC1 activity. 

However, the basis for auto-regulation is unknown. In addition, structural data may shed 

insight on the mechanism of differential recruitment of XPF-ERCC1 by protein interactions into 

interstrand crosslink repair and nucleotide excision repair processes.  

 

It is important to solve a structure of full-length XPF-ERCC1 at a sufficient resolution that a 

complete atomic model can be built. First, there are no structures for the divergent helicase-

like module of XPF requiring a full de novo chain tracing of this module into a cryo-EM map. 

Second, the ability to visualise protein side-chains would enhance a structure-based 

understanding of clinically-relevant patient mutations in XPF and ERCC1 that give rise to 

diverse pathologies. It would also allow targeted structure guided mutagenesis to validate the 

model using a real-time fluorescence-based incision assay to probe the role of residues in 

XPF-ERCC1 activity and stability. Third, a full atomic structure would provide a starting point 

for the rational design of XPF-ERCC1 inhibitors, that could prove invaluable to enhance 

cancer therapies. Variable expression of XPF and ERCC1 in certain tumours has been linked 

to a poor response to platinum-based chemotherapy and XPF-ERCC1 inhibitors offer the 

opportunity to overcome chemoresistance.  
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This chapter describes the successful structure determination by cryo-EM, model building of 

a near full-length XPF-ERCC1 and a structure-guided mutational analysis and validation of 

the model. 

 

3.2 Cryo-EM of DNA-free XPF-ERCC1 
 
3.2.1 Cryo-EM screening 
XPF-ERCC1 cryo-EM grids were screened using a Tecnai T12 electron microscope operated 

at 120 kV. The first samples to be screened were Quantifoil R1.2/1.3 300 mesh copper grids 

with a thin layer of carbon evaporated as a support film and applied at 0.1 mg/ml (figure 3.1A). 

Samples were plunge frozen into liquid ethane using a Vitrobot IV (FEI). It was challenging to 

identify distinct particles due to the poor contrast created by the carbon support film and the 

small particle size. In view of this challenge, an alternative approach was taken to prepare 

cryo-EM grids in which it was possible to clearly identify protein particles. It was decided to 

use unsupported grids with the protein suspended in vitreous ice across open holes.  

 

Quantifoil R1.2/1.3 copper grids were selected for the next round of screening. 0.5 mg/ml XPF-

ERCC1 was pipetted onto the grid and Vitrobot blot times from 1-9 seconds were tested while 

all other parameters remained fixed: H = 0.5, 100% humidity, blot-force = -1, at room 

temperature using a glow discharge of 40 mA for 35 s (figure 3.1B). Grids were prepared in 

triplicate and blot times between 3-6 produced holes that contained thin vitreous ice in which 

particles were visible around the edge. The distribution of vitreous ice across grid squares was 

poor and squares typically contained large thick region of crystalline ice at the centre which 

severely limited the number of useable holes.  

 

The next parameter to be optimised was the protein concentration. A concentration range of 

0.5-2 mg/ml XPF-ERCC1 was applied to the same style of grids as the previous round of 

optimisation, using the same parameters over a blot time of 3-6 seconds in triplicate. It was 

determined that 1.5 mg/ml XPF-ERCC1 was the best concentration for future data collection 

as it was the highest concentration in which clear and distinct molecular images were visible 

without them overlapping or aggregating (figure 3.1C). The highest useable concentration of 

protein was selected to maximise the number of particle images for future processing. In order 

to determine whether the grids could be picked using automated picking software, a small 

data collection was undertaken using a Tecnai F20 electron microscope operating at 200 kV  
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Figure 3.1. XPF-ERCC1 cryo grid screening. All Images acquired using Tecnai T12 electron 

microscope. Grids used were Quantifoil R1.2/1.3 copper 300 mesh. (A) XPF-ERCC1 at 0.1 mg/ml on 

carbon support. (B) XPF-ERCC1 at 0.5 mg/ml in open holes. (C) XPF-ERCC1 at 1.5 mg/ml in open holes. 

(D-E) Grid square image at 3000 x magnification. (D) 40 mA for 35 s glow discharge. (E) 45 mA for 45 s 

glow discharge. (F) 8000 x magnification grid hole image showing thin vitreous ice. 
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using Serial-EM. The data were processed using the Scipion v1.2222 pipeline and both Xmipp-

3222 and Gautomatch were able to reliably pick particle images from these data.  

 

The final grid parameter that was optimised was the glow-discharge. An increased total 

negative glow-discharge enhances the ability of sample to spread evenly across the grid 

square. A more even layer of sample will result in more uniform ice and the prevention of ice 

gradients due to incomplete wetting (figure 3.1D). Grids were prepared with 1.5 mg/ml XPF-

ERCC1 using the optimised conditions previously discussed with variable glow discharge 

parameters. The glow duration and current were increased together from 20 s and 20 mA to 

90 s and 90 mA. The grids prepared using 45 mA for 45 s displayed marked improvements in 

the uniform distribution of vitreous ice across grid squares increasing the number of collectable 

holes (figure 3.1E). It was also determined at this point that the 4 s blot time gave the greatest 

amount of good quality ice (figure 3.1F). A batch of C-flat and Ultrafoil R1.2/1.3 grids were 

subsequently prepared using the optimised parameters and screened. The C-flats were poor, 

with thick crystalline ice across the entire grid. The Ultrafoils closely resembled the equivalent 

Quantifoil grids and batches of 8 grids for both grid-types were prepared using the optimised 

parameters. 

 

3.2.2 Cryo-EM data collection  
XPF-ERCC1 Ultrafoil grids, prepared according to the previous section, were loaded in a Titan 

Krios operated at 300 kV. Images were collected in integration mode using a Gatan K2 

Summit direct electron detector camera mounted behind a GIF Quantum energy filter 

operating in zero-loss mode with a slit width of 20 eV. Following frame alignment, the movies 

collected showed clear molecular images of XPF-ERCC1 embedded in vitreous ice (figure 

3.2A). The particles were monodisperse and no large-scale aggregation was identified. 

There was a small amount of crystalline ice contamination, however. Subsequent picking 

refinement using Gautomatch was able to successfully detect and avoid these areas (figure 

3.2B).  

 

Inspection of the Thon rings of the micrograph power spectra indicated the presence of 

high-resolution spatial frequencies (figure 3.2C). CTF estimation quantified the resolution 

range of micrographs with Thon rings extending from between 3.3 – 10.2 Å. The high quality 

of the data was further indicated by the presence of an amorphous water diffraction ring at 

around 3 Å. Following pre-processing and particle picking, particles images were extracted 

from the micrographs that showed clear molecular images that were well centred (figure 3.2D). 
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3.2.3 Pre-processing and particle picking  
Three separate collections were carried out for XPF-ERCC1 with the total number of 

micrographs numbering 15,315. Motion correction and CTF estimation were carried out on-

the-fly and aligned micrographs were inspected manually to remove images with excessive 

contamination or thick ice. This reduced the number of micrographs to 14,453. In order to pick 

the micrographs a processing workflow was established as described in figure 3.3A was 

carried out. This involved the creation of a subset of 50 micrographs that represented a variety 

of ice thickness and defocus so that the picking parameters would be applicable for the entire 

dataset. XMipp-3222 manual picker was used to manually pick the micrograph subset using a  

 

Figure 3.2. XPF-ERCC1 high-resolution data collection. (A) Representative cryo-EM micrograph of 
XPF-ERCC1 following frame alignment and motion correction. Protein applied at 1.5 mg/ml to Ultrafoil 

R1.2/1.3 grids. (B) Same micrograph picked using Gautomatch (C) 2D power spectra for the same 

micrograph with Thon rings extending to 4.2 Å determined following CTF fitting (D) Representative 

selection of particles low-pass filtered to 20 Å extracted from the same micrograph.  
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Figure 3.3. Particle picking workflow. Diagram illustrating the sequential stages of particle picking 

and optimisation necessary to ensure accurate and reliable results across a range of defocus groups 

and ice thickness.  
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particle diameter of 140 Å. The manual picking output was used to inform the semi-automatic 

gaussian-based XMipp-3222 picker which was run on the micrograph subset and the picking 

threshold manually optimised. The entire dataset was then picked based upon optimised 

parameters, extracted, sorted and finally submitted for 2D classification in cryoSPARC-2227. 8 

2D classes representing different molecular views were imported into Scipion v1.2 and used 

as references for template-based picking in real space using Gautomatch228. Following 

optimisation of the picking threshold, the entire dataset was picked yielding 3,989,887 particles 

which were extracted and binned 2-fold to speed up processing.  

 

3.2.4 2D classification  
2D classification was carried out in cryoSPARC-2227. Classes showed high resolution features 

(figure 3.4E) and a diverse array of molecular views indicating that there was no preferred 

particle orientation in the ice (figure 3.4A). Contaminant crystalline ice (figure 3.4C) and low-

resolution protein classes (figure 3.4B) were removed and classification was repeated. At this 

stage of processing it was difficult to determine whether certain small classes lacking 

significant high-resolution features were fragments of XPF-ERCC1 or a particular side-view, 

previously observed in negative stain, with a particle diameter of 70 Å. These images were 

kept through 2D classification and further classified in later 3D classification. Classes in which 

the RecA1, A2, helical and nuclease domains form an arc-shaped feature were discarded as 

incomplete complex lacking ERCC1 (figure 3.4B). Classes of this nature comprised 6% of the 

total number of picked particles in the first round of classification. 

  

3.2.5 Ab-initio model generation and heterogeneous classification  
Particle images that were selected for by 2D classification were submitted for ab-initio 3D 

classification in cryoSPARC-2227. Multiple heterogeneous 3D maps were constructed without 

an initial starting model to recover 3D classes that are significantly different in structure. Four 

3D reconstructions were generated at resolutions between 12-16 Å. Inspection of the 3D 

reconstructions by the visualisation software UCSF Chimera221 lead to the identification of a 

single class that had a volume large enough to accommodate all of the XPF-ERCC1 domains 

(figure 3.5). Furthermore, the density for this complete XPF-ERCC1 class was uniformly 

smooth and interconnected suggesting a sufficient range of molecular views enabled an 

isotropic reconstruction and the absence of large flexible elements. Particles from this class 

were taken forward for further 3D classification using cryoSPARC-2227 heterogeneous 

refinement. 
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Reference-based heterogeneous refinement was used to remove both ‘junk’ particles that do 

not contribute positively towards high-resolution reconstruction and fragmented sub-

complexes of XPF-ERCC1. The 4 ab-initio 3D reconstructions were used as references for 3 

rounds of heterogeneous refinement. After each round, the particles contributing to the class 

previously identified as complete XPF-ERCC1 were selected and used as the input for the 

next round. At each stage of classification, the orientation distribution and FSC plots for each 

reconstruction were inspected to further validate our class selection, with only the complete 

XPF-ERCC1 class exhibiting resolution features below 9 Å. A further two rounds of 

heterogeneous refinement were carried out using the 3D reconstruction of complete XPF-

ERCC1 as one reference and a noise class generated from a separate ab-initio reconstruction 

of non-protein particles randomly picked from 20 micrographs. Following 2 rounds of such 

classification 97% of particles were assigned to the complete XPF-ERCC1 class.  

 

3.2.6 3D classification without alignment and csparc2star 
The particles contributing to the highest-resolution complete XPF-ERCC1 3D class from 

heterogeneous refinement in cryoSPARC-2227 were further classified in Relion-3229 using 

classification without alignment (figure 3.6). The .cs output file from cryoSPARC-2227 was 

Figure 3.4. XPF-ERCC1 2D classification. (A) Representative 2D classes of XPF-ERCC1 generated 

using cryoSPARC-2 (B) 2D class lacking ERCC1 (C) 2D class of contaminant crystalline ice (D) 2D 

class of low-resolution protein, contributing particles were found to be predominantly in thick ice (E) 
High-resolution, well aligned 2D class average of XPF-ERCC1 containing high-resolution features.  
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converted to a .star Relion-3229 readable format using the csparc2star script. The movie 

directory path in the subsequent .star file was manually altered using a text editor to permit re-

extraction and downstream particle-polishing.  

 

The newly created .star file was used to re-extract the particles contributing to the best 3D 

class using an un-binned pixel size of 1.38 Å. This new particle stack was then classified in 

3D without alignment using Relion-3229 to identify particularly well ordered, high-resolution 

classes. Four classes were generated and the 2 displaying the highest resolution features in 

UCSF Chimera221 such as the pitch of alpha helices were taken forward for refinement.  

 

3.2.7 High-resolution refinement and particle polishing 
405,339 particle images were refined to a global resolution of 4.1 Å using non-uniform 

homogenous refinement in cryoSPARC-2227 (figure 3.6). The same particle stack was refined 

to 5.4 Å resolution following 3D auto-refinement and post-processing in Relion-3229. The map 

showed clearly identifiable high-resolution features including the pitch of alpha helices, 

separated beta strands and large-bulky side chains. The csparc2star script was used to output 

a .star file containing the cryoSPARC-2227 refinement angles as input for per-particle motion 

correction Relion-3229. The polished stack was subsequently refined to a global resolution of 

4.0 Å with marked improvements in map quality observed in the RecA2 domain including the 

development of side-chain density which was previously not observed. Per-particle CTF-

refinement was also carried out in Relion-3229 which lowered the resolution of the refinement, 

likely due to the small particle size resulting in low signal-to-noise information.   

 

Mass-spectrometry crosslinking data (Table 7.1) and the local resolution plots for the 4.0 Å 

resolution refined structure suggested that the dimeric hairpin domain was flexible. This was 

later confirmed using 3D-variability analysis in cryoSPARC-2227 (figure 3.8). A soft mask was 

created in UCSF chimera221 and used to carry out signal subtraction removing the hairpin 

density from the particle images. Local, non-uniform refinement of the resulting particle stack 

against the 4.0 Å map, masked to exclude the hairpin domain, was carried out. This improved 

the resolution of the sub-volume to 3.6 Å resolution permitting de-novo model building for the 

majority of the structure and improved the resolution of helical domain helices in contact with 

the hairpin domain. Maps were locally filtered and auto-sharpened in cryoSPARC-2227. 
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Figure 3.5. 3D classification. Flowchart outlining cryo-EM data processing from collection through 

3D classification. 2D and 3D classification was carried out in cryoSPARC-2 using default parameters. 

The first 3 heterogeneous refinement runs used the 4 ab-initio models as a reference whereas the 

final 2 rounds used the complete XPF-ERCC1 3D class and a noise class. Values in red indicate the 

percentage of particles assigned to the boxed class representing complete XPF-ERCC1  
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3.3 Structure of DNA-free XPF-ERCC1 
 
3.3.1 Model building  
A composite map was generated for model building consisting of both the 3.6 Å locally 

refined and 4.0 Å globally refined maps. Local resolution ranged from 3.4 Å in the beta sheet 

core of the RecA2 domain to 7 Å resolution at the periphery of the ERCC1 NLD around the 

XPA binding site (figure 3.7A-C). Inspection of the angular distribution of assigned particle 

images during refinement, the 3DFSC curves and 3D flexibility analysis indicate that resolution 

differences were due to intrinsic motion rather than a lack of contributing particle images 

(figure 3.7D). The final model was in broad agreement with crosslinking mass-spectrometry 

data. 

Figure 3.6. Cryo-EM 3D classification without alignment and refinement. Flowchart outlining 

latter stages of cryo-EM data processing. 3D classification without alignment was carried out in 

Relion-3 to identify the best ordered classes. Particles from these classes were then refined using 

non-uniform refinement in cryoSPARC-2 to a global resolution of 4.1 Å which was improved to 4.0 

Å following particle-polishing in Relion-3. Signal subtraction of the dimeric hairpin domains followed 
by local refinement in cryoSPARC-2 improved the global resolution of the sub-volume to 3.6 Å. 
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Existing high-resolution structures were fit to density using the fit-in-map rigid body docking 

feature in the visualisation software UCSF Chimera221. The fitting of human ERCC1 NLD 

(PDB code: 2A1I) and a homology model of the human XPF nuclease domain was guided 

by the clear strand-helix-helix active site structural motif density spanning XPF residues 

722-750. Recognition of this feature ensured the structurally homologous XPF nuclease 

and ERCC1 NLD domains were positioned in their correct respective positions. The 

placement of these two domains was immediately interesting as they share an extensive 

dimerisation interface, despite a previous report arguing dimerisation of XPF-ERCC1 was 

driven exclusively through the (HhH)2 hairpins. The connectivity of the XPF-ERCC1-DiD1-

Dyn2-DiD2 cryo-EM map was used to unambiguously identify the XPF C-terminus, which 

also guided fitting of heterodimeric hairpin domains (PDB code: 2A1J). Fitting of an XPF  

 

 

A B 

D 

C 

Figure 3.7. XPF-ERCC1 local resolution and reconstruction quality. (A) XPF-ERCC1 composite 

map. XPF RecA1, RecA2, helical and nuclease domains and ERCC1 NLD derived from local 

refinement minus hairpins at 3.6 Å. XPF and ERCC1 hairpins from global refinement at 4.0 Å resolution. 

Top, three views of density rendered based on local resolution. Bottom, same views cut through 

density. (B) Fourier-shell correlation (FSC) curve for global refinement at 4.0 Å resolution. (C) FSC 

curve for local refinement at 3.6 Å resolution (D) Left, distribution of particle images contributing to 
global reconstruction in RELION-2 displayed in 3D. Right, distribution of particle images contributing to 

global reconstruction in CRYOSPARC-2 displayed in 2D. 
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RecA1 domain homology model into the map was facilitated by identification of a helical 

element spanning XPF residues 189-205 that was not present in the RecA2 domain model. 

The fit-to-map of the domains was optimised using Flex-EM230 within CCP-EM231 and flexible 

inter-domain linkers were manually built using COOT232.  

 

Homology models for the helical and RecA2 domains fit poorly to the map so it was decided 

to de-novo build them using COOT232. Building was guided by JPred233 secondary structure 

prediction software. Real-space refinement was carried out in PHENIX234 with secondary 

structural and geometric restraints. XPF residues 345-374 were modelled with lower 

confidence as a poly-alanine chain and comprise an insert into the RecA2 domain. It was 

not possible to build any of the protein chain for XPF residues 440-551 which comprise the 

second major RecA2 insert. Multiple secondary-structure prediction algorithms predict this 

region is to be unstructured and there are no structures available with homologous 

sequence. XPF residues 641-680, comprising the linker between the RecA2 domain and 

the nuclease domain, were not able to be modelled due to poor density. This was also the 

case for residues 1-8 at the N-terminus and residues 907-916 at the C-terminus of XPF. 

Figure 3.8. 3DFSC analysis of XPF-ERCC1 global and focussed refinements. (Left top and bottom) 
3DFSC for global refinement. (Right top and bottom) 3DFSC for masked refinement. Plots of directional 

resolution in X, Y and Z indicated by their respective colours in figure key.  
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The overall model quality was assessed using PHENIX real-space refinement (figure 3.17) 

and the refinement statistics are listed in table 3.4. 

 
Residue Numbering Wild Type Sequence Modelled 
156-159 NKRG Poly-alanine 
170-172 AFD Poly-alanine 
174-177 GFCH Poly-alanine 
250-254 EDLSL Poly-alanine 
322-323 QN Poly-alanine 
345-374 HLPDAKMSKKEKISEKMEIKEGEETKKELV Poly-alanine 
396-403 KESEALGG Poly-alanine 
440-441 FE Poly-alanine 
582 D Poly-alanine 
640-641 MV Poly-alanine 
680 T Poly-alanine 
771-780 SRGALFQEIS Poly-alanine 
824-845 DAATALAITADSETLPESEKYN Poly-alanine 
441-550 EKDSKAEEVWMKFRKEDSSKRIRKSHKRPKDPQ

NKERASTKERTLKKKKRKLTLTQMGKPEELEEEG
DVEEGYRREISSSPESCPEEIKHEEFDVNLSSDAA
FGILKEP 

Not modelled 

642-679 VPEEREGRDETNLDLVRGTASADVSTDTRKAGG
QEQNG 

Not modelled 

907-916 EVVSKGKGKK Not modelled 
 

Table 3.1 XPF poly-alanine modelling and regions not included in the model 

 
Residue Numbering Wild Type Sequence Modelled 
441-550 LMEKLEQ Poly-alanine 
642-679 FLKVP Poly-alanine 
907-916 MDPGKDKEGVPQPSGPPARKKFVIPLDEDEVPPG

VAKPLFRSTQSLPTVDTSAQAAPQTYAEYAISQPL
EGAGATCPTGSEPLAGETPNQALKPGAKSN 

Not modelled 

 
Table 3.2 ERCC1 poly-alanine modelling and regions not included in the model 

 
 
3.3.2 Overall architecture of XPF-ERCC1 

The cryo-EM structure of full-length XPF-ERCC1 reveals a compact conformation comprised 

of two functionally distinct modular units: the regulatory helicase-like module, comprising the 

XPF RecA1, RecA2 and helical domains and the catalytic module, comprising the XPF 

nuclease and (HhH)2 domain in addition to the ERCC1 NLD and (HhH)2 domain (figure 3.9). 

The structure reveals an extensive network of interactions between the XPF helicase-like 

module and catalytic module of XPF. While RecA1 caps one edge of the HLM and engages 

the XPF nuclease domain in the CM, the helical domain caps the other HLM extremity and 

engages the CM and the dsDNA-binding ERCC1 (HhH)2 domain. In this manner both ends of 

the HLM engage crucial elements within the XPF CM and ERCC1, indicating a key regulatory 

role for the HLM. 
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3.3.3 Structure of the XPF helicase-like module 

Overall, the helicase-like module adopts a “C”-shape that has dimensions of approximately 

70Å x 40Å x 60Å (figure 3.9D). The two RecA domains form a solid modular platform that is 

rigidified through the intimate intertwining of secondary structural elements ß8 and a20 

extending beyond the globular portion of each RecA domain. While the RecA1 domain caps 

one edge of the module, the helical domain caps the other end flanking the central positioned 

RecA2 domain. Both ends of the helicase-like module engage the XPF catalytic module and 

the dsDNA-binding ERCC1 (HhH)2 domain, suggesting a key regulatory role for the helicase-

like module. 

 

The RecA1 domain adopts a canonical RecA fold with nine alpha-helices (a1–a9) encircling 

a seven-stranded parallel beta sheet (ß1–ß7) (figure 3.10). A C-terminal extension to RecA1 

forms an eighth strand ß8 (XPF residues 211-216) which caps the smaller RecA2 parallel beta 

sheet which comprises four ordered ß-strands flanked by five alpha helices (a15-16 and 18-

20). Reciprocal to the ß8 extension from RecA1, RecA2 has a C-terminal helical extension 

spanning XPF residues 614-639 that pack against the RecA1 domain giving the RecA1/RecA2 

unit structural rigidity. The RecA1-RecA2 interface is predominantly polar (2007 Å2). The main 

contacts centre on a p-ring stacking interaction between RecA1 domain Y71XPF and RecA2 

domain Y564XPF at one interface edge and L39XPF and I592XPF on the other edge. Polar 

residues make up the remaining contacts with a small cavity. The Y71AXPF mutation prevents 

XPF-ERCC1 folding (figure 3.10C and Table 3.3). The RecA1 domain contributes to XPF-

ERCC1 substrate recognition with the R112AXPF mutation, targetting a residue predicted to 

bind the DNA backbone, reducing endonuclease activity (Table 3.3).  

 

RecA2 has two large inserts with unknown functions; residues 345-377 separate the helical 

domain and the RecA2 domain and residues 441-550 that interrupt the RecA2 fold. There is 

sufficient density in our map to trace the backbone of residues 345-362 and 366-377 from 

insert one projecting away from the body of the structure. However, no density was recovered 

for insert two, consistent with predictions that this region is likely intrinsically disordered in the 

absence of DNA. XLMS data indicates that a large number of crosslinks map to the two inserts 

and that an individual lysine is capable of contacting multiple sites within XPF-ERCC1, 

supporting the prediction that the two inserts are highly flexible (Table 7.1). 

 

By primary sequence the helical domain separates the two RecA domains, but in the structure, 

it continues from the C terminal ß-strand ß8 from RecA1 that contributes to the RecA2 ß-sheet 

and continues into the helical domain. Within helicase structures, this domain frequently plays  
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a functional role in substrate recognition. The helical domain is comprised of a five anti-parallel 

helical bundle. It packs against several unique XPF helicase-like module elements including 

the RecA2 insert comprising residues 345-373 and the a20 helix through crucial helical 

domain contact residues D302XPF and R342XPF. It also appears locked into place by the 

positioning of the a17 helix orientation. For it to move into a different conformation would 

require movement of the a17 helix. An important contact is formed between S412XPF in a loop 

between b12 and a18 within the RecA2 domain and Q300XPF situated on a loop between the 

helical domain a13 and a14 helices (figure 3.12B). The Q300WXPF mutation greatly reduces 

XPF-ERCC1 expression and increases aggregation (Table 3.3).  
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3.3.4 Structural homology of the XPF helicase-like module with SF2 family  
The Walker A and B motifs of SF2 helicases map to an interface between the two RecA 

domains containing crucial ATP-binding residues required for catalytic activity and ATP 

hydrolysis. These motifs have all diverged substantially in both XPF RecA1 and RecA2 folds. 

Although the module is unable to function as an active helicase/translocase, structure-based 

searches in DALI identified that the XPF RecA1/RecA2 unit is structurally closest to dsRNA 

translocases such as MDA5, consistent with a role in ss/dsDNA-binding. A match-align score 

of 81 over 2176 atoms indicates an rmsd of 11.9Å. While it is unclear the relevance of this 

similarity it does allow the question whether the XPF helicase-like module resembles an active 

or inactive helicase conformer close to the RecA1-RecA2 interface to be addressed.  

 

By superposing the RecA2 sheet between XPF (residues 406-425) and MDA5 (residues 720-

739) clearly shows by looking at the a20 helix, how the RecA1 domain is rotated by 25 degrees 

relative to the equivalent RecA domain from the nucleotide-bound form of MDA5. The RecA1  

Figure 3.10. Interaction between the XPF-ERCC1 catalytic and helicase-like modules. The 

helicase-like module comprising XPF domains RecA1 (blue), RecA2 (purple) and helical (green) form 

a c-shaped structure that regulates the catalytic module. The catalytic module comprising the XPF 

nuclease domain (gold), ERCC1 NLD (coral) and dimeric hairpin domains (white and grey) interacts 

with multiple domains of the helicase-like module. 

Figure 3.9. XPF-ERCC1 domain architecture and modelling. (A) Domain architecture of XPF-

ERCC1 colour coded by domain. XPF: RecA1 – blue, Helical – green, RecA2 – purple, Nuclease – 

gold, HhH2 – dark grey. ERCC1: NLD – coral, HhH2 – light grey. Residue numbering indicates domain 

boundaries and dotted arrows indicate dimerisation interfaces. (B) Representative density of the cryo-

EM map at 3.4 Å overlaid with the final model in pink. (C) Cartoon representation of XPF-ERCC1 
heterodimer showing three orthogonal views and coloured according to panel A. (D) Final XPF-ERCC1 

model in composite cryo-EM map density at 3.6 – 4 Å global resolution coloured according to panel A. 
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ß-sheet is translated by ~15Å onto MDA5 equivalent RecA1 ß-sheet. This more open RecA1-

RecA2 conformer is held in place and filled in by two extra helices a18 and a19 from RecA2 

at the interface together with the XPF amino terminal residues 9 to 17 which occupies the 

equivalent pocket to nucleotide in MDA5. This superposition also shows that the a17 helix 

orientation is completely opposite to the direction of helix 742-746 of MDA5. This helix 

precedes a disordered loop in XPF RecA2 that may contribute to ds/ssDNA interaction.  

 

 

 3.3.5 Structure of the XPF-ERCC1 catalytic module 

The catalytic module comprises two spatially distinct globular units, separated by two 

unstructured linkers in a similar fashion to Mus81-Eme1 and FANCM-FAAP24168,170. The XPF 

nuclease domain uses a helix-strand-helix (a25-ß19-a26) motif to heterodimerise with the 

NLD of ERCC1, forming a kidney-shaped dimer contradicting a previous report179 (figure 

3.10A). Analysis performed using the EMBL PISA software measures the interface area to be 

1684 Å2 suggesting a stable contact. Residues on the XPF nuclease domain a29 and b20 

Figure 3.11. Additional inter-domain contacts. Residues displayed as sticks and coloured by 

heteroatom, blue – N, red – O. Hydrogen bonds indicated by blue lines between residues (A) XPF 

nuclease (gold) – ERCC1 NLD (coral) interface. Top three images show the salt bridges formed at the 

periphery. Bottom, hydrophobic residues at the core of the interface. (B) RecA2 (purple) – helical 

domain (green) interface highlighting the hydrogen bonds formed between S412 and Q300 and Q419 

and D302. (C) RecA1 (blue) – RecA2 (purple) interface highlighting ring stacking between Y71 and 
Y564.  
 

Y564 
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form an extensive hydrophobic-driven interface with residues on the ERCC1 nuclease-like 

domain (NLD) a5 and a6 and b6. This interaction interface is flanked by three salt-bridges 

between D815XPF on a30 and both K183ERCC1 and K187ERCC1 on a5, between D783XPF on a29 

and R207`ERCC1 on a6 and between R799XPF on b21 and D193ERCC2 on the loop between a5 

and b5. 
 

Similarly, the XPF (HhH)2 domain hetero-dimerises with the ERCC1 (HhH)2 domain (998 Å2 

interaction interface surface area) through predominantly hydrophobic contacts close to 

F851XPF and F900XPF as previously observed178,179. The (HhH)2 domains of XPF and ERCC1 

are connected to either the XPF nuclease domain or ERCC1 NLD through ordered linker 

sequences. There is sufficient density in our cryo-EM map to trace the backbone for both 

linkers. The ERCC1 linker makes unexpected interactions with the XPF nuclease domain via 

Y215ERCC1 and D221ERCC1.   

 
3.4 Interpretation of the DNA-free XPF-ERCC1 structure  
 

3.4.1 XPF-ERCC1 autoinhibition and the role of the helical domain 
The RecA1 domain forms a substantial hydrophobic interface with the XPF nuclease domain 

involving RecA1 domain a5 and a6 helices and nuclease domain η4 and a21 helices and ß14 

strand (Figure 3.12B). The helical domain bridges across to contact both the nuclease domain 

and the ERCC1 (HhH)2 hairpins through much smaller polar interfaces (Figure 3.12E). These 

contacts restrict access to the XPF active site and shield the crucial dsDNA-binding ERCC1 

(HhH)2 domain residues. The helical domain interacts with the nuclease domain via H275XPF 

which forms a hydrogen bond with S730XPF on a26, the latter sidechain also forms multiple 

hydrogen-bonds to the mainchain backbone of the helical domain (Figure 3.12C). This 

interaction sterically prevents a DNA duplex from reaching the XPF active site and maintains 

XPF-ERCC1 in an autoinhibited conformation in the absence of DNA. A H275AXPF, W274AXPF 

double mutant, likely to disrupt this contact, displays a 1.5-fold increase in catalytic efficiency 

relative to the wild-type (Table 3.3).  

 

A second site of auto-inhibition is found at the interaction between the XPF helical domain and 

the DNA-binding ERCC1 hairpins. This interface is formed through predominantly polar 

contacts involving the highly conserved T248ERCC1 and T252ERCC1 residues on a8, the latter of 

which forms a hydrogen bond with E317XPF on a14. Previous structural and biochemical data  
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suggest that the ERCC1 (HhH)2 domain binds dsDNA through hairpin residues S244ERCC1-

N246ERCC1 and G276ERCC1-G278ERCC1 mainchain atoms 163,179. These motifs not accessible in 

the DNA-free conformation of XPF163. The S312AXPF mutant displays a 1.5-fold higher catalytic 

efficiency than the wild-type likely due to the disruption of this auto-inhibitory interaction (Table 

3.3). Equally, shortening the connecting linker between the XPF nuclease-and (HhH)2 domain 

would be predicted to shift the 2x(HhH)2 unit towards the nuclease domain. Indeed, a similar 

effect is observed for the 829-833DXPF mutant displaying a modest 1.2-fold increase in catalytic 

efficiency and a 7.5-fold tighter KM relative to wild-type (Table 3.3).   

 

3.4.2 Structural analysis of XPF and ERCC1 disease mutants  
Patient mutations are found throughout XPF and ERCC1 coding regions and underpin the 

generation of a diverse range of disease phenotypes including Fanconi Anaemia (FA) and 

xeroderma pigmentosum (XP). Other less well understood diseases such as Progeria and 

COFS are also likely underpinned by genetic mutations in XPF or ERCC1 subunits impacting 

on their function. A facile explanation for these mutations would be they disrupt the fold and 

function of XPF-ERCC1. However, whilst this may be the case in some instances, in other 

disease settings more subtle separation of function effects have been proposed. With the first 

availability of a near full-length XPF-ERCC1 structure, it is important to map disease mutations 

onto the structure to seek a rational explanation of the underlying mechanisms by which they 

Figure 3.12. Architecture of the XPF helicase-like module and coupling with the catalytic 
module. a View of the XPF-ERCC1 structure showing how the helicase-like module (HLM), displayed 

using surface rendering forms a “C”-shaped structure and contacts the XPF nuclease domain at two 

interfaces and the ERCC1 (HhH)2 domain, each boxed in red. Domains are coloured according to the 

scheme used in Fig. 1. b, c and e Ribbon cartoon diagrams of interaction interfaces with map density 
overlaid. Selected residues displayed as sticks and coloured by heteroatom, blue – N, Red – O. b The 

hydrophobic interaction interface between XPF RecA2 (blue) and nuclease (gold) domains. c 

Interaction between H275 in the XPF helical domain (green) and S730 in the XPF nuclease domain 

(gold). d Same as panel a, highlighting the XPF helical – ERCC1 (HhH)2 domain interface boxed in 

red. e Interaction between S312 in the XPF helical domain (green) and T252 in the ERCC1 (HhH)2 

domain. f Two orthogonal views of the XPF-ERCC1 model with XLMS distance constraints overlaid. 

Distances within the allowed Ca - Ca cut-off distance of 30 Å displayed in blue, distances greater than 

this cut-off displayed in red. Blue dotted line indicates cluster of allowed distances between the stable 

interface between the XPF helical and ERCC1 (HhH)2 domains. g Cartoon schematic representing 

inter-domain crosslinks detected by mass spectrometry. Each black line indicates a single unique 

crosslink between residues in different domains. Domains within the pink ellipsoid form the HLM, 

whereas domains within the catalytic module and ERCC1 are within the pale blue ellipsoid. 
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elicit their pathologies. In addition to inspecting the structural environment of each disease 

residue targeted, individual mutations were further characterised by being purified in a 

recombinant form and both their stability and their endonuclease activities determined in vitro 

(figure 3.14). The extent of amino acid conservation across multiple species for each mutant 

was determined through multiple sequence alignment (figures 3.15 and 3.16).  

 

Mutations associated with Fanconi Anaemia (FA) were mapped onto the XPF-ERCC1 

structure and shown to primarily cluster around the XPF helical domain, with the exception of 

S786FXPF and R689SXPF, which map to the nuclease domain. FA patients with these mutations 

are proficient in NER but deficient in ICLR. We confirmed that recombinant mutants containing 

FA mutations are approximately as active as wild-type XPF-ERCC1 using an in vitro 

endonuclease assay (Table 3.3). The L219RXPF mutation in X. laevis (homologous to the 

L230RXPF mutation in H. sapiens) has been shown to abolish SLX4 binding. The clustering of 

these separation-of-function (SOF) mutants in the helical domain suggests that they contribute 

to the SLX4 binding site. However, these residues are buried within the helical domain core 

suggesting either a conformational reorganisation or a disruption of the helical domain fold 

and indirectly the SLX4 binding site. SLX4 is required to recruit XPF-ERCC1 to ICLR and 

disruption of this interaction is likely to give rise to FA.  

 

Mutations associated with XP are found throughout XPF. Three residues that give rise to XP 

upon mutation, R589WXPF L608XPF and T567AXPF, reside in the RecA2 domain of XPF, 

I225MXPF is found in the XPF helical domain, whereas R799WXPF is in the XPF nuclease 

domain (Figure 13). These mutants appear to be involved in providing key structurally-

important interactions necessary for XPF folding. L608XPF, R589XPF and T567XPF are located 

in the folded region of the RecA2 domain, with the latter two forming structurally important 

intra-domain contacts122 (Figure 3.11C). Indeed, L608PXPF and T567AXPF mutant proteins 

formed soluble aggregates when expressed recombinantly, as measured by analytical size 

exclusion chromatography (data not shown), and an R589WXPF mutant exhibited 35-fold 

reduction in catalytic efficiency (Table 3.3). The R799WXPF XP mutation failed to express 

recombinantly and lies on the periphery of the heterodimeric nuclease-NLD interface with 

ERCC1 (Figure 3.13B). These data, taken in the context of our structure, suggest the 

L608PXPF, T567AXPF, R589WXPF and R799WXPF XP disease mutants compromise XPF-

ERCC1 structural stability.  

 

An interesting lone XPF mutation was identified that causes severe progeria. The progeria- 

associated mutation R153PXPF occurs at the periphery of the RecA1 domain. It does not  
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Figure 3.13. Mapping XPF-ERCC1 disease mutations and DNA repair pathway recruitment sites. 
a Ribbon model of XPF-ERCC1 highlighting the spatially distinct binding sites of XPA and SLX4. XPA 

binds to the ERCC1 NLD (orange) and SLX4 binds to the XPF helical domain (green). The XPA peptide 

(residues 66-77) atoms are displayed as red spheres (PDB: 2JNW). The key SLX4 binding residue 

L230 sidechain atoms are also displayed as red spheres. The DNA repair structures targeted by XPF-
ERCC1 by recruitment through SLX4 (interstrand crosslink) or XPA (intrastrand crosslink) are shown. 

(Bottom) Cartoon schematics for inter- and intra-strand crosslink repair, b-d The molecular environment 

of patient-derived disease mutations are indicated on the structure, superposed with the map density 

displayed close to the mutation. Selected residues displayed using stick rendering coloured by 

heteroatom. Residues associated with Fanconi anaemia (FA) patient mutations are coloured red whilst 

those associated with XP are coloured black. b Mutations in the XPF nuclease domain and ERCC1 

NLD give rise to both FA and XP. c XP associated mutations disrupt key structural contacts in the XPF 
RecA2 domain. Overlaid with map density. d FA-associated mutations cluster in the XPF helical 

domain. The helical domain also contains the XP associated mutant, I225. 
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appear to be forming an intramolecular contact and is solvent exposed suggesting it may 

interact with DNA. Future work will seek to address the mechanism underlying the pathogenic 

effects of this point mutation by determining the affinity of the mutant for various DNA 

structures.  

 

Cerebro-oculo-facio-skeletal (COFS) syndrome associated mutation F231LERCC1 can be 

rationalised as it is involved in a ring stacking interaction with F900XPF within the XPF (HhH)2 

domain (Figure 3.11C). The breaking of this interaction is likely to break the XPF and ERCC1 

hairpin dimerisation interaction. 

 

Protein Mutant Rationale Vmax 
(fmol/min) 

KM  
(nM) 

kcat  
(s-1) 

kcat/KM  
(nM-1min-1) 

XPF WT  104.7 ± 2.8 12.1 ± 1.4 20.9 ± 0.66 1.73 
XPF L230R FA 65 ± 2.1 8.1 ± 1.1 13.0 ± 3.3 1.60 
XPF L236R FA/CS 91.2 ± 2.5 10.8 ± 1.2 18.2 ± 0.5 1.69 
XPF E239K FA 88.9 ± 4.7 12.4 ± 2.1 16.9 ± 0.7 1.36 
XPF S786F ICLR deficient 80.9 ± 3.8 32.5 ± 1.5 7.9 ± 0.8 0.24 
XPF 323-326 D  ICLR deficient 120.2 ± 1.4 20.5 ± 0.8 24.2 ± 0.3 1.18 
XPF S312A Autoinhibition 126.1 ± 

28.2 
5.1 13.5 ± 1.8 2.65 

XPF W274A, 
H275A 

Autoinhibition 193.4 ± 8.6 15.2 ± 2.4 38.7 ± 1.3 2.55 

XPF R112A DNA-binding 24.5 ± 1.1 4.32 ± 0.63 5.6 ± 0.2 1.30 
XPF 829-833 D Autoinhibition 

linker 
disruption 

20.2 ± 0.5 1.9 ± 1.2 3.8 ± 0.2 2.00 

XPF R589W XP 8.22 ± 2.6 25.9 ± 6.1 1.4 ± 0.9 0.05 
XPF Q300A Structural 

integrity 
N/A N/A N/A N/A 

ERCC1 L253A Autoinhibition 33.1 ± 2.7 28.7 ± 22.3 3.4 ± 0.3 0.12 
Protein Mutant Rationale Effect of mutation on protein expression  
XPF L608P XP Soluble aggregates 
XPF T567A XP Soluble aggregates 
XPF Y71A Structural 

integrity 
No expression 

XPF R799W XP No expression 
ERCC1 T248A Autoinhibition No expression 
ERCC1 T252A Autoinhibition No expression 

 

Table 3.3 XPF-ERCC1 mutant activity assay data. Mutants were expressed recombinantly and 

endonculease activity determined using a real-time fluorescence based incision assay. Data was 

plotted in GraphPad Prism7 of activity in fmol/min vs XPF-ERCC1 concentration and non-linear 

regression analysis used to determine the Michaelis-Menten kinetic constants Vmax, KM and kcat. Each 

kinetic value was obtained from 3 technocal replicates (n = 3) +/- standard deviation. 
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Figure 3.14 Size-exclusion chromatography of XPF-ERCC1 mutants. Mutants were expressed 

recombinantly and purified using a superdexx 200 increase column. Mutants are grouped into 

autoinhibition mutants that target the interface between the XPF helical domain and both the nuclease 

domain and ERCC1 (HhH)2 domains, patient mutants that are found in XP or Fanconi anaemia and 

linker mutants that targets the nuclease/NLD domain dimer and the dimeric (HhH)2 domains. 
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Figure 3.15 Multiple sequence alignment XPF. H.s. – Homo sapiens, M.m. – Mus musculus, D.m. – 
Drosophila melanogaster, X.l. – Xenopus laevis, D.r. – Danio rerio, C.e. – Caenorhabditis elegans. 

Secondary structure elements annotated based upon DNA-free XPF-ERCC1 cryoEM strucutre. 

Important residues annoted below sequence. Residues coloured based upon the similarity of their 

physio-chemical properties, red block – invariant, red text – smilar, black text – divergent. 
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Figure 3.16 Multiple sequence alignment ERCC1. H.s. – Homo sapiens, M.m. – Mus musculus, D.m. 

– Drosophila melanogaster, X.l. – Xenopus laevis, D.r. – Danio rerio, C.e. – Caenorhabditis elegans. 

Secondary structure elements annotated based upon DNA-free XPF-ERCC1 cryoEM strucutre. 

Important residues annoted below sequence. Residues coloured based upon the similarity of their 

physio-chemical properties, red block – invariant, red text – smilar, black text – divergent. 
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Figure 3.17 Cryo-EM model validation DNA-free XPF-ERCC1 (Top) Ramachandran plot by residue 

type. (Middle and bottom) Model-to-map correlation from PHENIX real-space refinement for XPF chain 

(middle) and ERCC1 (bottom) 
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Data Collection and Processing XPF-ERCC1 
Voltage (kV) 300 
Electron exposure (e-/ Å2) 63 
Defocus range (μm) 1-4 
Pixel size (Å) 1.38 
Symmetry imposed C1 
Initial Particle Images 3,989,887 
Final Particle Images 405,339 
Map Resolution 3.6 (local refinement) 

4.0 (globally refined) 
Map Resolution Range 3.4 - 8 
Refinement  
Initial Model Cryo-SPARC ab-initio 
Model Resolution (Å) 3.6 
FSC threshold 0.5 
Map sharpening B factor (Å2) -168 
Model Composition  
-Non-hydrogen atoms 
-Protein residues 

 
7218 
945 

B factor (Å2) 163 
R.m.s. deviations 
- Bond lengths (Å) 
- Bond angles (°) 

 
0.004 
0.682 

Validation 
-MolProbity score 
-Clashscore 

 
1.88 
7.01 

Ramachandran plot 
-Favoured (%) 
-Allowed (%) 
-Disallowed (%) 

 
91.7 
8.4 
0 

 
Table 3.4. Cryo-EM statistics for DNA-free XPF-ERCC1  

 
 
3.5 Chapter summary 
In this chapter, a near-full length structure of XPF was determined using cryo-EM, despite its 

relatively small size of 125kDa and intrinsic flexibility contributed by polybasic insertion 

sequences. Extensive grid-screening and cryo-EM sample preparation optimisation has 

yielded a reproduceable pipeline for solving subsequent structures of XPF in the presence of 

substrate and protein partners. In addition, the establishment of a robust processing pipeline 

permits the rapid and reliable solution of future cryo-EM structures.   

 

The overall fold of XPF-ERCC1 was built leading to an atomic model for a substrate free form 

of XPF-ERCC1. The structure shows for the first time the domain architecture of XPF-ERCC1 

revealing it to be comprised of two functional units, the catalytic module and the helicase-like 

module. The network of interactions between these modules prevents promiscuous 
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endonuclease activity by locking the molecule in an autoinhibited state. The XPF helical 

domain contacts the catalytic module contacts both the ERCC1 (HhH)2 domain and the XPF 

nuclease domain to sterically prevent DNA binding and restricting access to the active site.   

The XPF helicase-like module contains a further novel interaction interface with the catalytic 

module, that of the RecA1/nuclease domain, which confers structurally couples the functional 

modules. The novel arrangement of the RecA1/2 conformer was found to be structurally 

homologous to dsRNA-bound MDA5. This both suggests at a possible DNA binding role for 

the helicase-like module and hints at the necessary conformational rearrangements that must 

arise upon DNA-structure binding.  

 

Mapping mutations onto the structure reveals that many XP mutations destabilise the structure 

whereas Fanconi anaemia mutations are tolerated with minimal impact upon endonuclease 

activity. This suggests that Fanconi anaemia mutants are pathological as result of the 

disruption of a protein-protein interaction interface such as the SLX4 binding site, a hypothesis 

encouraged by the clustering of such mutants within the XPF helical domain. 
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Chapter 4  
XPF-ERCC1 substrate engagement and recruitment to DNA repair 
pathways  
 

4.1 Chapter aims  
The primary aim of this chapter was to understand how XPF-ERCC1 recognises model DNA 

junction substrates and how binding such simple substrates stimulates XPF-ERCC1 activation 

in vitro. Single-strand/double-strand DNA discontinuities are generated by multiple types of 

DNA damage and require mechanisms to recruit XPF-ERCC1 into appropriate repair 

assemblies. The major route for XPF-ERCC1 recruitment into either nucleotide excision repair 

(NER) or inter-strand crosslink repair (ICLR) pathways appears to depend on its associated 

protein partner interactions. Interaction with XPA is critical for XPF-ERCC1 to form the incision 

complex (5’ of the damage on the damaged strand) with TFIIH. Equally, interaction with SLX4 

is needed for XPF-ERCC1 to participate in ICLR unhooking and resolution of the crosslinked 

DNA duplex.  

 

XPF-ERCC1 exhibits distinctive substrate selectivity and recognises double-stranded/single-

stranded (ds/ss) DNA junctions with a 3’ ssDNA overhang, hydrolysing the dsDNA 

phosphodiester bond(s) to produce a nicked substrate as an intermediate for subsequent 

further repair processing, depending on the pathway involved. As discussed earlier, prior to 

substrate engagement, data presented in this thesis showed XPF-ERCC1 is held in an auto-

inhibited conformation and it was hypothesised that it must be structurally remodelled to 

become active. In order to develop a full understanding of XPF-ERCC1 activation, DNA 

complexes were prepared and imaged using cryo-EM. By determining a structure of XPF-

ERCC1 engaged with a stem-loop DNA substrate by cryo-EM would identify the 

conformational rearrangements required to activate the endonuclease. Furthermore, the 

availability of such a DNA-bound XPF-ERCC1 structure would allow it to be docked in-silico 

onto the recent TFIIH-XPA-DNA structure, assembling a complete model for the NER 5’ 

incision complex. 

 

In this Chapter, experiments were devised to characterise the in vitro activity of known Fanconi 

anaemia (FA) mutations in XPF either in the presence or absence of a large N-terminal 

fragment of the ICLR recruitment factor SLX4. Several FA mutations in XPF map to the 

proposed SLX4 binding site on the XPF helical domain, suggesting that the disruption of the 

XPF-SLX4 interface prevents efficient recruitment into the ICLR pathway. To probe the impact 
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of SLX4NTD (residues 1-758) binding to XPF-ERCC1 a fluorescence incision assay was 

employed that was previously reported by the laboratory. In addition, a more minimal SLX4 

58aa peptide was also characterised using biophysical methods to move towards a platform 

for an XPF-ERCC1 inhibitor screen targeting the XPF-SLX4 interaction interface.  

 

The last set of experiments described in this Chapter were designed to explore the role of the 

XPF-ERCC1 heterotetramer, identified by SEC analysis during the routine purification of 

recombinant XPF-ERCC1. The presence of two XPF active sites within the heterotetramer 

suggests that this stable species has the potential to carry out the dual-incision required to 

unhook the lesion during ICLR. Towards probing this hypothesis, the aim was initially to define 

the tetramerisation interface using cryo-EM thus enabling the design of mutants incapable of 

forming the heterotetramer but still able to assemble a functional XPF-ERCC1 heterodimer. 

In this way separation-of-function mutations could be potentially generated to explore the 

functional role of the XPF-ERCC1 heterotetramer in a cellular context. 

 

4.2 EM structure of human XPF-ERCC1 bound to stem-loop DNA  
 
4.2.1 XPF-ERCC1-DNA complex assembly 
The cryo-EM structure of DNA-free XPF-ERCC1 presented in Chapter 3 revealed that the 

complex is held in an auto-inhibited conformation prior to substrate engagement. The XPF 

helical domain masks the DNA-binding ERCC1 helix-hairpin-helix (HhH)2 domain whilst 

simultaneously contacting the XPF nuclease domain to restrict access to the active site 

(Figure 4.1). In order to bind a stem-loop DNA the XPF helical domain and the heterodimeric 

2x-(HhH)2 are likely to be repositioned, resulting in endonuclease activation.  

 

To probe these proposed conformational changes, a complex of XPF-ERCC1 bound to a DNA 

stem-loop substrate (10-duplex 20-T single-strand stem–loop) was assembled in vitro. This 

stem-loop substrate has been previously characterised and shown to present a single primary 

incision site to XPF-ERCC1166. To determine that an XPF-ERCC1-DNA complex was properly 

assembled, an electrophoretic mobility shift assay (EMSA) was used to detect a shift in the 

mass of DNA upon binding of binding of the stem-loop DNA to XPF-ERCC1 (Figure 4.2). XPF-

ERCC1 was pre-incubated for 5 minutes with 10 mM EDTA to remove the Mg2+ cofactor 

required for endonuclease activity. 20 mM Ca2+ was subsequently added to the complex to 

poison the nuclease by occupying the metal binding sites within the XPF active site, replacing 

any residual Mg2+. It was hoped that this would preserve high resolution features within an 
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ordered active site following downstream EM analysis but prevent cleavage of DNA by XPF-

ERCC1.  

 

The Ca2+-bound complex was incubated for 10 minutes at room temperature with 

phosphorothioate backbone blocked stem-loop substrate and then the sample was treated 

with 0.005% (w/v) BS3 to crosslink the protein and stabilise its association with DNA 

dissociation. This also has the added advantage of deactivating the endonuclease activity of 

the complex preventing DNA cleavage. This complex was then run on a 0.8% agarose gel 

and the presence of DNA analysed using the non-specific fluorescent DNA intercalating 

commercial fluorophore GelRed. The presence of two bands, one at the molecular weight of 

the stem-loop in the absence of protein and an additional band at a higher molecular weight 

indicated that the DNA was stably bound to a higher molecular weight protein species. This 

species remained stable during gel-filtration and its retention volume increased from 11.6 ml 

to 11.8 ml, suggesting that DNA binding induces the compaction of XPF-ERCC1. An additional 

peak at 10.3 ml was seen on the SEC trace which was previously not present in XPF-ERCC1 

traces in the absence of DNA. This sample was analysed by negative stain EM, however. The 

micrographs were of poor quality and 2D reconstruction was not possible. Future work will 

address the identification of this species which may represent a heterotetrameric species 

induced upon DNA substrate engagement.  
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Figure 4.1. Proposed model for concerted domain movements required for XPF-ERCC1 
substrate binding and activation. (Left) DNA-free XPF-ERCC1 model. The XPF helical domain 

prevents active site access and masks the ds-DNA binding ERCC1 HhH2 domain. Helix, turn, helix 

(gold) in XPF nuclease domain represents the active site with one metal ion resolved (blue). (Right) 

Model for ds/ss junction DNA substrate bound to XPF-ERCC1. The ERCC1 HhH2 domain binds the 

minor grove of a 10 bp duplex, displacing it from the XPF helical domain. The helical domain rotates, 

permitting active site access. ss-DNA not shown. Active site contains two ordered metal ions (blue). 
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4.2.2 Cryo-EM grid preparation and data collection 
A sample concentration of 1.5 mg/ml of the XPF-ERCC1-DNA complex was pipetted onto 

Quantifoil R1.2/1.3, 300 mesh grids and plunge frozen into liquid ethane using a Vitrobot IV 

(FEI). The optimal freezing parameters were as follows: 4.5 second blot time, H = 0.5, 100% 

humidity, blot-force = -1, room temperature using a glow discharge of 40 mA for 55 s. Grids 

were screened to determine the distribution of vitreous ice and particle images using a Tecnai 

T12 electron microscope.  

 

XPF-ERCC1-DNA Quantifoil grids were loaded in a Titan Krios operated at 300 kV. Images 

were collected in integration mode using a Gatan K2 Summit direct electron detector 

camera mounted behind a GIF Quantum energy filter. The data were collected using a 1.38  

Å pixel size. Following frame alignment, the movies collected showed clear molecular 

images of XPF-ERCC1-DNA embedded in vitreous ice (Figure 4.3A and B). The particles 

were monodisperse and no large-scale aggregation was identified.  

 

Inspection of the Thon rings of the micrograph power spectra indicated the presence of 

high-resolution spatial frequencies (Figure 4.3C). CTF estimation quantified the resolution 

range of micrographs, with Thon rings extending from between 3.2 – 8 Å. This range was 

tighter than the previous DNA-free XPF-ERCC1 collection, indicating that the data was of 

Figure 4.2. XPF-ERCC1 DNA binding. (Left) SD200i SEC trace of XPF-ERCC1-DNA complex. Blue 

is the A280 nm. mAU (A280 nm) in blue on the Y axis. Fractions indicated in grey on the X axis. (Right) 

Electrophoretic mobility shift assay (EMSA) showing the mass shift upon XPF-ERCC1 binding stem-

loop DNA. Fractions A2-A12 from a SD200i SEC trace were assayed for DNA binding following mild 
crosslinking with BS3. Samples A4 and A10 were concentrated to 1.5 mg/ml and run on the final two 

lanes. DNA-bound complex and free XPF-ERCC1 indicated by text. Fraction A10 was used for cryo-

EM analysis. 
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a higher quality with thinner ice. These CTF data also identified the presence of an 

amorphous water diffraction ring at around 3 Å. Following pre-processing and particle 

picking, particle images were extracted from the micrographs that showed clear molecular 

images that were well centred and within an appropriately sized box (Figure 4.3D). 

 

4.2.3 Pre-processing, particle picking and 2D classification.  
Motion correction and CTF estimation were carried out on-the-fly and aligned micrographs 

were inspected manually to remove images with excessive contamination or thick ice. This 

reduced the number of micrographs from a total of 8965 collected to a subset of 7982. Particle 

picking was carried out using the protocol described in Figure 3.3A. This yielded 3,432,565 

particles images which were down-sampled 2-fold using a pixel size of 2.76 Å and extracted. 

Figure 4.3. XPF-ERCC1-DNA high-resolution data collection. (A) Representative cryo-EM 

micrograph of XPF-ERCC1-DNA following frame alignment and motion correction. (B) Same 

micrograph manually picked using XMipp-3. Circles with diameter 160 Å indicate particle images. (C) 
2D power spectra for the same micrograph with Thon rings extending to 3.1 Å following CTF fitting (D) 
Representative selection of particles low-pass filtered to 20 Å extracted from the same micrograph.  
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This particle stack was used for a 2D classification using cryoSPARC-2227. The first round of 

classification was used to remove contaminant crystalline ice which gave rise to amorphous 

class averages. Following this exclusion, subsequent classification produced class averages 

displaying significantly different morphology and particle dimensions to that of DNA-free XPF-

ERCC1 (Figure 4.4A). The density corresponding to the heterodimeric (HhH)2 domain was no 

longer identifiable in the same location as it previously was for the DNA-free reconstruction 

(Figure 4.4B) and the mask diameter reduced from 140 Å to 130 Å, consistent with the DNA-

binding induced compaction suggested by the increased SEC retention volume (Figure 4.2). 

The class averages displayed high-resolution features for the RecA1 and RecA2 domains but 

not for the remainder of the molecule indicating that the structure represents the average of 

multiple functional conformations (Figure 4.4D). This heterogeneity was observed for classes 

displaying a range of molecular views, suggesting that this flexibility was inherent to the 

sample and not describing a subset of the data. No classes were identified that contained 

high-resolution features throughout. Next 2D classes were selected if they displayed any high- 

 
Figure 4.4. XPF-ERCC1-DNA cryo EM micrograph and 2D class averages. (A) Representative 
selection of cryo-EM 2D class-averages of XPF-ERCC1-DNA from 199,022 particle images, calculated 

using cryoSPARC-2. (B and C) Projection matched 2D class averages (B) (Left) High-resolution 2D 

class average of DNA-free XPF-ERCC1, 2x(HhH)2 domain circled in red (Right) 2D class average of 

XPF-ERCC1-DNA complex. Red circle indicates the corresponding position of the 2x(HhH)2 domain in 

the DNA-free XPF-ERCC1 class. (C) (Left) DNA-free XPF-ERCC1 displaying high-resolution features 

(Right) XPF-ERCC1-DNA complex, no high-resolution features were identified. (D) 2D class averages 

of XPF-ERCC1-DNA complex. High-resolution features present in the RecA1 and RecA2 domains. The 

remainder of the structure appears flexible and lacking high-resolution information.   
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resolution features or resembled low-pass filtered versions of high-resolution DNA-free XPF-

ERCC1 classes (Figure 4.4C). Encouragingly, the diverse array of molecular views suggested 

that there was no preferred particle orientation in the ice.  

 
4.2.4 Ab-initio model generation and heterogeneous classification  
Following 5 rounds of 2D classification, particle images were submitted for ab-initio 3D 

classification in cryoSPARC-2227 (Figure 4.5). Four models were generated and the particles 

contributing to each were classified in 2D respectively. Only one 3D ab-initio model, 

comprising 69% of the input particles, displayed high-resolution features in 2D classification. 

Inspection in of this class in the molecular visualisation software UCSF Chimera221 identified 

the shape of the RecA1, RecA2 and XPF nuclease domains. The XPF helical and 

heterodimeric 2x-(HhH)2 domain density was repositioned relative to the DNA-free XPF-

ERCC1 structure suggesting that this 3D model represented a remodelled stem-loop DNA-

bound XPF-ERCC1 complex. 

 

Particles assigned to this single class were taken forward for further 3D classification using 

cryoSPARC-2227 heterogeneous refinement (Figure 4.5). The 4 different 3D ab-initio models 

were used as a reference for 2 rounds of 3D classification. After both rounds, the particles 

contributing to the class previously identified as the XPF-ERCC1-DNA complex were selected 

and used as the input for the next round. At each stage of classification, the orientation 

distribution and FSC plots were inspected, with only the complete XPF-ERCC1 class 

exhibiting resolution features below 10 Å. A final round heterogeneous refinement was carried 

out using the 3D reconstruction of the XPF-ERCC1-DNA complex as one reference and three 

noise classes generated from a separate ab-initio reconstruction of non-protein particles 

randomly picked from 20 micrographs.  

 

4.2.5 High-resolution refinement 
A total of 199,022 particle images were selected for heterogeneous 3D classification. These 

data were un-binned and were subsequently refined to a global resolution of 7.7 Å using non-

uniform homogenous refinement in cryoSPARC-2227 (Figure 4.6C). The resolution of the 

structure was highly anisotropic (Figure 4.6A). The core of the RecA1 and RecA2 folds 

displayed resolved alpha helices and distinct beta sheets, whereas the remainder of the 

complex did not show these typical high-resolution features. This reflects the increased 

dynamic flexibility on binding DNA, with the RecA1 and RecA2 domains remaining static 

following stem-loop engagement whilst the XPF helical domain, XPF nuclease domain, 

ERCC1 NLD dimer and heterodimeric 2x-(HhH)2 adopt a continuum of flexible conformations  
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affecting the resolution of these portions of the structure. Despite this, the flexible regions are 

sufficiently ordered to obtain an intermediate resolution structure. Importantly the interface 

between the XPF RecA1 and nuclease domains remains intact consistent with the substantial 

observed hydrophobic interface.  

 

The DNA-free XPF-ERCC1 structure had previously identified the heterodimeric 2x-(HhH)2 

domain as a flexible element as discussed earlier. Local resolution plots and 3D variability 

analysis suggested that this was also the case for the 7.7 Å XPF-ERCC1-DNA structure 

(Figure 4.6A). A soft mask was created using the program Chimera221 and used to carry out 

signal subtraction, removing the candidate 2x-(HhH)2-DNA density from the particle images. 

Local, non-uniform refinement of the resulting particle stack against the 7.7 Å map, masked 

to exclude the 2x-(HhH)2-DNA domain, was subsequently carried out. This improved the 

resolution of the sub-volume to 5.9 Å resolution (Figure 4.6D). The small size of this domain 

ensured that sufficient signal was present in the particle images following signal-subtraction 

to permit accurate alignment. Local resolution plots indicate that the resolution ranges from 

6.5 Å in the RecA1 and RecA2 domain cores to 14 Å in the XPF helical domain (Figure 4.6A). 

Signal-subtraction followed by local refinement of the complex minus the XPF helical domain, 

XPF helical and 2x-(HhH)2-DNA domains and the XPF nuclease – ERCC1 NLD dimer 

independently did not improve the resolution from 5.9 Å. Similarly, masked refinement of the 

individual domains and functional modules also failed to yield improved reconstructions. 

Figure 4.5. XPF-ERCC1-DNA cryo-EM sample preparation and processing workflow. a 
Micrographs were manually screened for crystalline ice and then particle images extracted following 

picking. After 5 rounds of 2D classification the particle images displaying high-resolution features were 

classified in 3D using heterogeneous refinement in CRYOSPARC-249 using multiple 3D references 

generated by ab-initio reconstruction. The 3D class with the volume sufficient to accommodate all the 
domains of XPF-ERCC1 was selected and classified a further 3 times using the same routine. 3D 

classification was used to discard DNA-free XPF-ERCC1 and classes in which the density was not 

continuous suggesting either an incomplete complex or poor alignment. After 3 rounds of 3D 

classification each class was subjected to homogenous non-uniform refinement. The only 3D class that 

refined to below 10 Å resolution was identified as stable XPF-ERCC1 bound to dsDNA. This class, 

consisting of 100,307 particle images was refined to a global average resolution of 7.7 Å in 

CRYOSPARC-249. This class was classified in Relion-3 without alignment to identify stable sub-
populations of the structure that would refine to higher resolution, however. Refinement of each class 

did not result in a reconstruction at a resolution higher than 7.7 Å. Density corresponding to the dimeric 

hairpin domain was subtracted from the total 100,307 particle images and the remaining density was 

locally refined to 5.9 Å resolution. 
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4.3 Structure of XPF-ERCC1 bound to stem-loop DNA 

 
4.3.1 XPF-ERCC1-DNA modelling 
The XPF-ERCC1-DNA reconstruction was sufficient to allow placement of individual domains 

to build DNA-bound XPF-ERCC1 conformer (Figure 4.7). In order to do so, the structure of 

each individual domain from the DNA-free XPF-ERCC1 model was rigid body fit into the XPF-

ERCC1-DNA complex map. The remaining density was assigned as the ordered 10 bp duplex 

of the stem-loop substrate, based on its location adjacent to the ERCC1 hairpins. To place the 

DNA duplex bound to the ERCC1 (HhH)2 domain, a DNA-bound A. pernix 2x-(HhH)2 domain  

Figure 4.6. XPF-ERCC1-DNA complex local resolution and reconstruction quality. (A) (Top) 

Three views of the XPF-ERCC1-DNA composite map rendered based on local resolution ranging from 

7-14 Å as indicated by colour key. (Bottom) Same three views with cut-away density. XPF RecA1, 

RecA2, helical and nuclease domains and ERCC1 NLD derived from local refinement minus hairpins 

and DNA at 5.9 Å. XPF and ERCC1 hairpins and DNA from global refinement at 7.9 Å resolution. (B) 
Distribution of particle images contributing to global reconstruction in RELION-2 displayed in 3D. (C) 
Fourier-shell correlation (FSC) curve for global refinement at 7.7 Å resolution. (D) FSC curve for local 

refinement at 5.9 Å resolution. (D) Distribution of particle images contributing to global reconstruction 

for the 7.7 Å resolution map in CRYOSPARC-2 displayed in 2D. 
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previously determined in the lab was fitted into the density as a contiguous unit. This structure 

was used to align the human 2x-(HhH)2 domain whilst preserving the known DNA contacts 

(Figure 4.8). The XPF RecA1 and RecA2 domain positions remain fixed with respect to the 

DNA-free XPF-ERCC1 structure (Figure 4.7). The XPF nuclease - ERCC1 NLD dimer position 

remains largely the same, with a slight 7° rotation relative to the RecA1 domain. The low 

resolution of the map in this area suggests the protein adopts multiple different conformations. 

The helical domain adopts a more open conformation, rotating 15° away from the central HLM 

 cavity and adopting a position 12 Å further from the nuclease domain than in the DNA-free 

structure. 

Fig. 4.7. Structure of XPF-ERCC1 bound to stem-loop DNA. (A) Two orthogonal views of the XPF-

ERCC1-DNA model within composite cryo-EM density derived from the 7.7 Å and 5.9 Å resolution 

reconstructions. Colour coded domains and dsDNA indicated in text. 

 

Fig. 4.8. Evidence for DNA positioning. Two views of segmented map density for the XPF-ERCC1 

2x-(HhH)2-dsDNA unit. XPF (HhH)2 domain grey, ERCC1 (HhH)2 domain white, dsDNA purple, 

conserved dsDNA binding residues yellow. Density shows clear shape of the dsDNA major groove 

measuring 19 Å. 
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4.3.2 Conformational rearrangements following substrate engagement 
The DNA-bound XPF-ERCC1 model revealed substantial conformational rearrangements 

involving the XPF helical and 2-(HhH)2 domains consistent with an opening of the helicase 

like module (HLM) and stem-loop engagement by the catalytic module (CM). Comparison with 

the DNA-free XPF-ERCC1 structure reveals that the XPF helical domain pivots by 

approximately 15° to a new position 11 Å away from the nuclease domain (Figure 4.11). This 

conformational change breaks the autoinhibitory contact formed between H275XPF and 

S730XPF. The positioning of the XPF a17 helix acts as a steric brake, preventing the HLM from 

adopting an open conformation capable of binding dsDNA. 

 

 

 
Fig. 4.9. Conformational rearrangements of XPF-ERCC1 following stem-loop DNA binding. (Top) 
Two orthogonal views of stem-loop DNA-bound XPF-ERCC1 model displayed as grey surface 

rendering. XPF helical domain in the absence of DNA (cyan), XPF helical domain in the presence of 
DNA (green). 2x(HhH)2 domain in the absence of DNA (grey), 2x(HhH)2 in the presence of DNA (black). 

Distances of domain rearrangements displayed in Å. (Bottom) Cartoon of XPF-ERCC1 domain 

rearrangements upon binding stem-loop DNA. Red arrows indicate direction of domain rearrangements 

from DNA-free to DNA-bound. Proposed ssDNA binding channel in grey dotted lines. 
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Fig. 4.10. Conformational Rearrangements in Focus. a Top and middle: two orthogonal views of 

both the DNA-free and DNA-bound maps. The DNA-bound map displayed is the globally refined and 

unsharpened 7.7 Å map. The DNA-free map displayed is the globally refined and unsharpened 4.0 Å 

map low-pass filtered to 9 Å resolution to display comparable levels of detail to the DNA-bound map. 

Both maps were and segmented in UCSF Chimera revealing sub-volumes for the XPF HLM (pink), XPF 

nuclease-ERCC1 NLD dimer (blue), 2x(HhH)2 domain (yellow) and dsDNA (white). Bottom: two 

a 

b 
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orthogonal views of the HLM and the CM/ERCC1 dsDNA binding module. Each sub-volume contains 

the ribbon model of DNA-bound XPF-ERCC1, Orange dotted line indicates unmodeled density 

corresponding to the position of the first RecA2 domain flexible insert. b Model for the dimeric 2x(HhH)2 

domain engaging dsDNA via the minor groove positioned within map density. Major groove distance 
and dsDNA binding residues indicated. dsDNA-binding hairpin residues of ERCC1 are highlighted in 

yellow. f Model for the XPF RecA1 – nuclease/ERCC1 NLD interface following substrate engagement. 

Labels indicate the active site position.  

 

 

Comparison of the heterodimeric 2x-(HhH)2 domain in the DNA-free and DNA-bound 

structures show it is displaced by 47 Å upon DNA binding, by detaching from the XPF helical 

domain to contact the XPF nuclease - ERCC1 NLD dimer (Figure 4.9). A substantial 

movement of an equivalent region is also observed in DNA-bound structures of other 

XPF/Mus81 family members. The 2x-(HhH)2 domain sits adjacent to the XPA-binding site on 

ERCC1 and represents an NER complex recruited by XPA (figure 4.10). Our final DNA-bound 

model lacks the single-stranded portion of the stem loop and places the scissile 

phosphodiester bond approximately 15 Å from the XPF active site motif (residues 725-727). 

We interpret the DNA-bound structure as showing important features of an initial step towards 

full DNA junction recognition prior to the incision reaction. The low resolution of the DNA 

density (approximately 9 Å) suggests that the 2x-(HhH)2-DNA complex adopts multiple 

conformational states that may align the substrate towards the active site.  

 

The ERCC1 (HhH)2 domain engages the dsDNA through the minor groove as seen previously 

for A. pernix XPF. S244ERCC1 and N246ERCC1, from the hairpin of the first ERCC1 HhH motif, 

bind the backbone phosphates of thymine 7 and cytosine 8 from the cleaved duplex strand 

while the glycine-leucine-glycine hairpin (G276ERCC1-G278ERCC1) from the second ERCC1 HhH 

motif form mainchain hydrogen bonds with the phosphates of guanine 37 and cytosine 36 

from the non-cleaved duplex strand. Positively charged residues surrounding the hairpins 

(K243ERCC1, K247ERCC1 and D249ERCC1 of the first HhH motif and K281ERCC1 of the second HhH 

motif) as well as polar residues (T248ERCC1 and T252ERCC1) contribute to the interaction with 

the minor groove (Figure 4.13A). 

 

4.3.3 A model for XPF-ERCC1 activation  
Comparing the structure of XPF-ERCC1 in its DNA-free and substrate-bound states allows us 

to propose a model for XPF-ERCC1 activity modulation. XPF-ERCC1 is auto-inhibited in its 

DNA-free state and, upon substrate binding, the XPF helical domain simultaneously  
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disengages from the XPF CM and releases the dimeric 2x-(HhH)2 domain. The 2x-(HhH)2 

domain engages a dsDNA minor grove next to the DNA ss/ds junction and subsequently packs 

against the XPF nuclease - ERCC1 NLD dimer, as observed in Mus81-Eme1 and A. pernix 

XPF. The DNA is then fed into the active site via an unknown mechanism. 

 

 

Data Collection and Processing XPF-ERCC1DNA 
Voltage (kV) 300 
Electron exposure (e-/ Å2) 63 
Defocus range (μm) 1-3 
Pixel size (Å) 1.38 
Symmetry imposed C1 
Initial Particle Images 3,432,565 
Final Particle Images 199,022 
Map Resolution 7.9 (globally refined) 

7.1 (local refinement) 
Map Resolution Range 5.5-14 
Refinement  
Initial Model Cryo-SPARC ab-initio 
Model Resolution (Å) 7.1 
FSC threshold 0.5 
Map sharpening B factor (Å2) -560 
Model Composition  
-Non-hydrogen atoms 
-Protein residues 

 
7434 
899 

B factor (Å2) 530 
R.m.s. deviations 
- Bond lengths (Å) 
- Bond angles (°) 

 
0.008 
0.976 

Figure 4.11. Structural comparisons of XPF-ERCC1 with relevant DNA-bound complexes. (A) 
Structural comparison of XPF-ERCC1 in the presence and absence of stem-loop DNA. DNA-free XPF-

ERCC1 in grey, overlaid with stem-loop DNA-bound XPF-ERCC1 in cyan. Labels indicate location of 

key features on the XPF-ERCC1-DNA model. (B) Structural comparison of the HLM of the XPF-

ERCC1-DNA complex with dsRNA-bound MDA5. MDA5 was aligned to the XPF RecA2 domain beta 
sheet. DNA-free XPF-ERCC1 in cyan overlaid with dsRNA-bound MDA5 in grey. dsRNA from MDA5 

in purple. (C) Structural comparison of the HLM of the DNA-free XPF-ERCC1 complex with dsRNA-

bound MDA5. DNA-free XPF-ERCC1 model in yellow, dsRNA-bound MDA5 in grey. dsRNA from 

MDA5 in purple. The positioning of a17 locks the XPF helical domain in place, rotated by 45° relative 

to the equivalent domain in MDA5, in a conformation that is not conducive to dsDNA-binding. (D) 
Structural comparison of dsDNA-bound A. pernix XPF homodimer with the human XPF-ERCC1-DNA 

complex. XPF-ERCC1-DNA in cyan, A. pernix XPF in grey. Two structures aligned by their 2x-(HhH)2 

domains. Labels indicate location of key features on the XPF-ERCC1-DNA model. 
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Validation 
-MolProbity score 
-Clashscore 

 
2.9 
12.5 

Ramachandran plot 
-Favoured (%) 
-Allowed (%) 
-Disallowed (%) 

 
88.9 
11.1 
0 

 
Table 4.1 Cryo-EM statistics for DNA-bound XPF-ERCC1  

 
4.4 Towards a nucleotide excision repair 5’ incision complex structure 
 

4.4.1 Reconstitution of an XPF-ERCC1-TFIIH-DNA complex 
In order to reconstitute a NER 5’ incision complex, XPF-ERCC1 was incubated with TFIIH 

donated by Malcolm White. The TFIIH sample contained 7 subunits: XPB, XPD, p62, p52, 

p44, p34 and p8. XPF-ERCC1 was incubated with TFIIH in 1.5-fold molar excess and 

analysed via SEC using a Superose 6 increase column. XPF-ERCC1 and TFIIH did not form 

a stable complex under these conditions, confirmed via negative stain EM, suggesting that an 

additional factor was required to assemble the 5’ NER machinery (Figure 4.12). A splayed arm 

model DNA junction substrate containing a 28 bp duplex and two 23 base unpaired nucleotide 

‘arms’ was incubated with XPF-ERCC1 and TFIIH in a 2:1.5:1 fold molar ratio. Once again, 

SEC and negative stain EM confirmed that these components did not form a complex (4.11E 

and F). It was decided that the next component to add to the reaction was key NER factor, 

and known ERCC1 interaction partner, XPA, however. Prior to this experiment being carried 

out, a structure was published of a splayed arm DNA-TFIIH-XPA complex (PDB:6RO4). 

Comparison of this structure with TFIIH structures in the absence of XPA and DNA highlights 

how XPA binding remodels components of XPB and XPD to switch from transcription mode 

to DNA repair mode. We propose that these remodelling events are a prerequisite for XPF-

ERCC1 binding to TFIIH and XPA, rationalising why XPF-ERCC1, junction DNA and TFIIH do 

not form a stable complex in the absence of XPA. Further experiments are required to 

demonstrate this hypothesis as discussed later. 
 

4.4.2 A model for an NER 5’ incision complex containing XPF-ERCC1 
To explore a preliminary molecular model for a NER 5’ incision complex with XPF-ERCC1, 

the DNA-bound XPF-ERCC1 structure described here was docked onto the structure of 

ds/ssDNA-bound TFIIH-XPA by positioning the ERCC1 (HhH)2 domain onto the exposed DNA 

minor groove proximal to the DNA junction (Figure 4.13B). The resulting model revealed 

several extensive interfaces between the two structures and contained very few steric clashes, 

all of which were within the flexible XPA loop region (residues 104-131). The model makes  
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Fig. 4.12. TFIIH and XPF-ERCC1 Negative stain EM (A) SDS-PAGE of TFIIH following SEC (B) 

Superose 6 column trace of TFIIH and inset negative stain EM micrograph. (C) SDS-PAGE of TFIIH 

and XPF-ERCC1 following SEC. Bottom anti-XPF Western blot (D) Superose 6 column trace of TFIIH 

and XPF-ERCC1 and inset negative stain EM micrograph. (E) SDS-PAGE of TFIIH and XPF-ERCC1 

and stem-loop DNA following SEC. Bottom anti-XPF Western blot (F) Superose 6 column trace of 

TFIIH, XPF-ERCC1 and DNA and inset negative stain EM micrograph.  
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several predictions and has several notable features. First, the heterodimeric 2-(HhH)2 domain 

is predicted to interact with the TFIIH subunit XPB and DNA whilst the XPF nuclease - ERCC1 

NLD dimer contacts XPD, XPA and DNA. As XPB is required to initiate the duplex melting and 

interacts with duplex DNA, it may help position the DNA binding hairpins of XPF-ERCC1 

correctly at the ds/ss-DNA junction. The highly basic and flexible first RecA2 insert (residues 

345-377) is positioned to interact with either the extended XPA helix or dsDNA. It is notable 

that the flexible regions of the XPF-ERCC1-DNA map correspond to those domains with 

extensive TFIIH-XPA-DNA interactions. The interfaces predicted by this model suggests that 

Fig. 4.13. Assembling a 5’ pre-incision subcomplex containing XPF-ERCC1. (A) Schematic of 
XPF-ERCC1 and XPA interactions with a stem-loop DNA substrate. XPA interaction elements 

displayed in pink, ERCC1 interactions displayed in blue, XPF interactions displayed in orange. (B) 
Model for XPF-ERCC1 binding to ds/ssDNA-bound TFIIH-XPA. Stem-loop DNA-bound XPF-ERCC1 

model docked onto the TFIIH-XPA-splayed arm DNA structure through the exposed dsDNA minor 

groove. XPF-ERCC1 model coloured according to domain as in Figure 4.7A, DNA (purple), XPA (red) 

displayed with transparent surface rendering. TFIIH displayed in grey with opaque surface rendering.  

 

b 
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the flexible elements within the XPF-ERCC1-DNA cryo-EM reconstruction are likely to be 

rigidified in an NER complex including TFIIH subunits XPB and XPD, and XPA. XPA was 

revealed to contain a ß-hairpin that separates dsDNA and demarcates the 5′-edge of the repair 

bubble47.   

 

The DNA-bound structure does not address the key question of how a junction is recognised 

but is a first step towards defining the molecular gymnastics that may be required to achieve 

exquisite substrate recognition. Perhaps the most remarkable feature of the model is the 

complementarity of DNA-junction binding site between XPA-TFIIH and XPF-ERCC1 as shown 

on Figure 4.13. Whilst not direct proof, it is a surprisingly coincidence and would predict a 

substantial synergy between the two complexes in binding a splayed arm substrate. 

 

4.5 Location and consequence of XP and FA disease mutations on XPF-ERCC1 
structure, nuclease activity and SLX4NTD interaction 
Multiple inherited human disorders are associated with XPF and ERCC1 mutations. How 

different missense mutations cause quite different diseases phenotypes is not fully 

understood. This section addresses how informative the XPF-ERCC1 structure is for 

assessing these disease-causing mutations when combined with in vitro functional assays. 

 

4.5.1 FA patient mutations are resistant to activation by SLX4NTD 

SLX4 has been previously shown to stimulate XPF-ERCC1 endonuclease activity and recruit 

it to sites of inter-strand crosslink repair. Full length SLX4 is difficult to prepare in a soluble 

form and requires co-expression with SLX1. A minimal form consisting of SLX4 residues 1-

758, has been previously characterised that retains full XPF-ERCC1 binding capability. 

Therefore, for these studies this short XPF-binding SLX4 fragment was used. In order to 

determine whether FA mutants display differences in activity in the presence of SLX4, an XPF-

ERCC1-SLX4NTD complex was assembled and its activity determined (Figure 4.15A-E). The 

band on SDS-PAGE corresponding to the SLX41-758 protein runs anomalously high for its 

molecular weight. Despite this, its presence was confirmed using Western blotting. It is 

possible that SLX4 is present in a sub-stoichiometric ratio based upon the intensity of the band 

staining.  

 

We found that the binding of SLX4NTD to wild-type XPF-ERCC1 stimulated its endonuclease 

activity, increasing the catalytic efficiency approximately 6-fold towards a 10bp duplex, 20T 

single stranded stem-loop duplex (Figure 4.15D and Table 4.2). However, binding of SLX4NTD 

to the FA mutant 323-326DXPF decreased the catalytic efficiency approximately 5.5-fold, 
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suggesting that a subset of FA mutants are insensitive to SLX4 activation (Table 4.2). 

Furthermore, the FA mutant L320RXPF does not bind SLX4NTD, indicating that it forms a key 

component of the SLX4 binding site. 

 

Mutations that disrupt the SLX4 binding site of XPF-ERCC1 are likely to underpin FA disease 

by preventing recruitment to ICLR. Mapping the XPA binding site (XPA residues 66-67) in the 

ERCC1 NLD, onto the structure reveals it to be spatially distinct from the proposed SLX4 

binding site, located in the XPF helical domain, allowing differential pathway recruitment 

(Figure 4.14) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4.2. SLX41-758-XPF-ERCC1 mutation data summary. Each kinetic value was obtained from 3 

technical replicates (n = 3) +/- standard deviation. 

Protein Mutant Vmax (fmol/min) KM (nM) kcat (min-1) kcat/KM (nM-1min-1) 

XPF(-ERCC1)  WT 104.7 ± 2.8 12.1 ± 1.4 20.9 ± 0.66   1.7 
XPF(-ERCC1-SLX4NTD) WT 219.2 ± 9.3 4.2 ± 0.7 43.8 ± 1.1 10.4 

XPF(-ERCC1-SLX4NTD) 323-326 D 49 ± 6.5 32.2 ± 9.6 9.8 ± 1.4   0.3 

Figure 4.14. Differential impact of patient-derived disease mutations on XPF-ERCC1 structure 

Ribbon model of XPF-ERCC1 highlighting the spatially distinct binding sites of partner proteins XPA 

and SLX4. Whereas XPA binds to the exposed surface of ERCC1 NLD (coral), SLX4 binds at least in 

part to the XPF helical domain (green). The XPA peptide (residues 66-77) atoms displayed as red 

spheres (PDB: 2JNW). Key SLX4 binding residue L230 atoms displayed as red spheres. 
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4.6 Towards the development of an in vitro SLX4-XPF interaction assay  
The development of clinically relevant inhibitors of XPF that target the divalent metal active 

site is challenging due to the highly conserved nuclease family GDXnERKX3D active site motif 
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Fig. 4.15. Purification and characterisation of XPF-ERCC1-SLX4NTD activity and stoichiometry. 
(A) SDS-PAGE gel of the XPF-ERCC1-SLX4NTD complex. (B) Superose-6 increase SEC column trace 

for the XPF-ERCC1-SLX4NTD complex. (C) SEC-MALLS for the XPF-ERCC1-SLX4NTD complex. 

Molecular weight 240 kDa, indicating a 1:1:1 complex. (D) Michaelis-Menten plot of rate vs substrate 
concentration for XPF-ERCC1 wild-type XPF-ERCC1. Kinetic values in Table 4.2. (E) Two independent 

Western blots containing the same input fractions across the SEC peak in panel b. Top blot was stained 

for XPF whilst the bottom was stained for SLX41-758.  
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and the lack of an apolar deep substrate pocket. Active site inhibitors have thus far proven 

non-specific and cross-reactive against other metal-dependent nucleases, despite some 

successes with retroviral integrases that possess a distantly-related divalent metal-dependent 

active site235. Alternative approaches to target protein-protein interactions within the (HhH)2 

domain have had only limited success158. Two CRT chemical library screens had been 

conducted with a 10% hit rate that resulted in a high level of false positive hits that intercalated 

DNA, were contaminated by metals or were Michael acceptors and likely to react across the 

protein target. To overcome these limitations, efforts were made to reformulate a new 

screening strategy involving targeting a protein-protein interaction XPF-SLX4 and therefore 

would be independent of and orthogonal to a nuclease-based assay. Secondly, an assay 

looking at the loss of catalytic activation of XPF-ERCC1 by SLX4 would provide a means to 

eliminate DNA intercalates since they would impact the basal level of XPF-ERCC1 

independent of SLX4 and would therefore be removed from the screen as a false positive 

 

To establish a suitable assay, the interaction between SLX4 and XPF-ERCC1 would first be 

characterised using biophysical methods. Subsequent disruption of this interaction in the 

presence of small molecules screening compounds would indicate promising hits. 

Unfortunately, in order to produce non-aggregated protein, the SLX4NTD needed to be co-

expressed with XPF and ERCC1, thus preventing a simple screening assay being devised. In 

addition, the yield of the SLX4NTD-XPF-ERCC1 complex was consistently poor (0.5 mg/l) 

providing a challenge for scaling up the assay for use with larger compound libraries in a high-

throughput format. As an alternative strategy, SLX4 derived peptides were designed and 

produced in large quantities that did not require co-expression with XPF-ERCC1. These 

peptides were used as a surrogate for the SLX4NTD and their interaction with XPF 

characterised using both fluorescence polarisation and biolayer interferometry. 

 
4.6.1 SLX4 peptide binding to XPF-ERCC1 characterised using fluorescence 
polarisation 
The affinity of fluorescently-labelled (fluorescein) peptides, derived from the SLX4 MLR and 

BTB domains (Figure 4.16C and 4.18), for XPF-ERCC1 was determined using fluorescence 

polarisation (FP) (Figure 4.16A). Three overlapping peptides spanning 126 residues of the 

SLX4 MLR domain bound XPF-ERCC1 with low micromolar affinity236 (Table 4.3). Two 

overlapping peptides from the SLX4 BTB domain, spanning 96 residues, were also assayed 

for binding to XPF-ERCC1. The BTB_2 peptide was calculated to have an average binding 

affinity that is slightly less than all three MLR peptides, however. The affinity of the MLR 

peptides was within the error of BTB_2. The BTB_1 peptide did not bind XPF-ERCC1 (Table 
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4.3). These data suggest that the MLR domain comprises the main XPF binding determinant 

in SLX4 with the BTB domain able to enhance the affinity of SLX4 for XPF. 

 

 
Table 4.3. SLX4 peptide fluorescence polarisation data. Table describing the affinity of various SLX4 

peptides derived from both the MLR and BTB domains. N.A. indicates no binding was detected. (n=3) 
+/- standard deviation. 

Peptide Sequence Affinity (µM) 
SLX4_1 TPPLPASRILKEGWERAGQCPPPPERKQSFLWEGSALTGAWAMEDFYTARLVPPLVPQ 1.8 ± 0.5 

MLR_1 PLLLVQDSETTGRQIEDRVALLLSEEVELSSTPPLPASRILKEGWERAGQCPPPPERK 2.0 ± 0.8 

MLR_2 GAWAMEDFYTARLVPPLVPQRPAQGLMQEPVPPLVPPEHSELSERRSPALHGTPTAG 2.5 ± 0.6 

BTB_1 VSTEAARTFLHYLYTADTGLPPGLSSELSSLAHRFGVSELVHLCEQVPIA N.A. 

BTB_2 TDSGEVLYAHKFVLYARCPLLIQYVNNEGFSAVEDGVLTQRVLLGDVSTEAA 5.3 ± 3.1 

Scrambled GQPSAPELPALYGFKEAVPEVKDRAQPPLRIWPQPAPCPSGMLGSWELARLTFEWRTT N.A. 

Figure 4.16 SLX4 peptide affinity for XPF-ERCC1 determined using fluorescence polarisation 
(A) Cartoon illustrating the principles behind fluorescence polarisation as a measurement for peptide-

protein affinity. Prior to forming a comple with XPF-ERCC1, the fluorescently labelled peptides emit 

fluorescence in a different direction to the excitation plane following excitation with plane-polarised light. 

If a fluorescently labelled peptide interacts and forms a complex with the larger XPF-ERCC1 complex, 

the tumbling time of the peptide (rotational and translational) is reduced and the peptide subsequently 

emits radiation back to the polarised plane following excitation with plane-polarised light. The resulting 
increase in fluorescence polarisation is proportional to the amount of protein-peptide complex and can 

be used to determine an affinity constant for this interaction. (B) Non-linear regression curves fit to 

fluorescence polarisation data using PRISM-7 (n=3). 5 peptides at 180 nM concentration assayed for 

XPF-ERCC1 binding. XPF-ERCC1 concentration used from 0-35µM. Polarisation readings normalised 

to background polarisation in the absence of XPF-ERCC1. (C) Cartoon of SXL4 domain architecture. 

Dotted lines indicate the domain from which each respective peptide is derived. 
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4.6.2 SLX4 MLR domain peptide binding to XPF-ERCC1 characterised using 
biolayer interferometry 

The SLX4_1 peptide was determined by FP to have the highest affinity for XPF-ERCC1. This 

peptide was selected for further characterisation via biolayer interferometry (BLI) using the 

Octet system237 (Molecular Devices). The binding between the immobilised peptide ligand on 

the sensor chip to the XPF-ERCC1 protein results in a change in optical thickness at the 

biosensor tip, leading to change in the wavelength of light passing down the sensor. The 

interference pattern generated by the increased wavelength is a direct readout for the 

thickness of the sample at the tip and an indirect readout of protein binding.  

 

Octet BLI was used to assay the affinity of XPF-ERCC1 in solution for biotinylated peptides 

conjugated to a sensor via streptavidin affinity tag. In order to identify which region of the 

SLX4_1 peptide was responsible for XPF-ERCC1 binding, three truncations were designed. 

10NC, in which 10 residues were removed from the N and C termini of the SLX4 peptide, 20N, 

in which 20 residues were removed from the N-terminus and 20C, in which 20 residues were 

removed from the C terminus (Figure 4.17E). A peptide derived from XPA (residues 66-77), 

known to bind the ERCC1 NLD, was included as a positive control.  

 

Figure 4.17. Octet biolayer interferometry (A and B) Non-linear regression curves fit to Octet bindng 

data (n=3). Error bars indicate standard error of the mean. 0 – 25µM XPF-ERCC1 was used to 

determine binding. Data was normalised against a scrambled peptide that did not bind XPF-ERCC1. 5 

different peptides binding to (A) XPF-ERCC1 heterodimer (B) XPF-ERCC1 heterotetramer. (C and D) 
KD affinity and standard error values in µM for each peptide (C) XPF-ERCC1 heterodimer (D) XPF-

ERCC1 heterotetramer. (E) Cartoon of SXL4 domain architecture. Dotted lines indicate the position of 

the MLR domain. Single letter aa sequences for each peptide shown below cartoon. Sequence of 

positive control XPA peptide also shown.  
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The affinities of the SLX4_1 peptide for XPF-ERCC1 determined via both FP and Octet BLI 

were in broad agreement, 1.8 and 4.9µM respectively (Figure 4.17A and C). Removal of 10 

residues from the N and C termini of the SLX_1 peptide increased its affinity to 3.62µM, 

indicating that these residues do not contribute to XPF-ERCC1 binding (Figure 4.17A and C). 

Removal of 20 residues from the N-terminus slightly reduced binding to 5.6µM and removal 

of 20 residues from the C-terminus reduced the affinity to 7.5µM (Figure 4.17A and C). The 

major SLX4 determinants binding XPF-ERCC1 are yet to be found within the MLR domain at 

the amino acid level, however. The modest change in binding affinity arising from deletions of 

between 10-20 aa suggest residues within the core play a key role and can be targeted in the 

next round of peptides by making single amino-acid changes in the peptides. Determining 

stably associated SLX4 peptides with XPF will enable the structural characterisation of them 

in complex with XPF-ERCC1. The full length SLX4 complex is challenging to work with and 

this reductionist approach aims to overcome some of these challenges. Future work will test 

whether these peptides are able to stimulate XPF-ERCC1 endonuclease activity in vitro. 

 

4.7 Cryo-EM analysis of a heterotetrameric form of XPF-ERCC1 generated 
through dimerisation of XPF-ERCC1 heterodimers 
A serendipitous observation from the purification of XPF-ERCC1 heterodimer was that a 

higher order heterotetramer could be separated by SEC during routine purification of the XPF-

ERCC1 heterodimer from insect cells. Although there had been previous reports of a higher 

molecular weight form of XPF-ERCC1, occasionally thought to run in the void fractions of SEC, 

it had not been properly characterised. However, since XPF-ERCC1 associated with the 

SLX1-SLX4 heterodimer which itself was known to form a heterotetrameric assembly, we 

reasoned that it was appropriate to further examine the XPF-ERCC1 heterotetrameric form to 

establish its functional significance using cryo-EM. 
 

4.7.1 Cryo-EM grid preparation and data collection 
Using a sample concentration of 0.75 mg/ml of the XPF-ERCC1 heterotetramer was pipetted 

onto Quantifoil R2/2, 300 mesh grids and plunge frozen into liquid ethane using a Vitrobot IV 

(FEI). The optimal freezing parameters were as follows: 5 second blot time, H = 0.5, 100% 

humidity, blot-force = -1, room temperature using a glow discharge of 45 mA for 40 s. Grids 

were screened to determine the distribution of vitreous ice and particle images using a Tecnai 

T12 electron microscope.  

 

XPF-ERCC1 heterotetramer Quantifoil grids were loaded in a Titan Krios operated at 300 kV. 

Images were collected in counting mode using a Falcon III (FEI) direct electron detector  
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Figure 4.18. Multiple sequence alignment SLX4 MLR domain. H.s. – Homo sapiens, M.m. – Mus 

musculus, M.l. - Myotis lucifugus D.r. – Danio rerio, O.C. - Oryctolagus cuniculus. Important residues 

annoted below sequence. Residues coloured based upon the similarity of their physio-chemical 
properties, red block – invariant, red text – smilar, black text – divergent. 
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camera. The data were collected using a 1.09 Å pixel size. Following frame alignment, the 

movies collected showed clear molecular images of XPF-ERCC1 heterotetramer 

embedded in vitreous ice (Figures 4.19A). The particles were monodisperse and no large-

scale aggregation was identified. Inspection of the Thon rings of the micrograph power 

spectra indicated the presence of high-resolution spatial frequencies (Figure 4.19B). CTF 

estimation quantified the resolution range of micrographs, with Thon rings extending from 

between 3.3 – 8.4 Å. Following pre-processing and particle picking, particles images were 

extracted from the micrographs that showed clear molecular images that were well centred 

(Figure 4.19C). 
 
 

Figure 4.19 XPF-ERCC1 heterotetramer data collection. (A) (Left) Representative cryo-EM 

micrograph of XPF-ERCC1 heterotetramer following frame alignment and motion correction. (Right) 

Picked micrograph, with box diameter 180 Å (B) 2D power spectra with Thon rings extending to 3.3 Å 

determined following CTF fitting (D) Representative selection of particles low-pass filtered to 20 Å.  
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4.7.2 Pre-processing, particle picking and 2D classification.  
Motion correction and CTF estimation were carried out on-the-fly and aligned micrographs 

with excessive contamination or thick ice were removed. This reduced the number of 

micrographs from a total of 4432 collected to a subset of 4296 (Figure 4.21A). Particle picking 

was carried out using the protocol described in Figure 3.3A. This yielded 1,254,596 particles 

images which were down-sampled 2-fold for faster processing and extracted. Three rounds of 

2D classification was carried out in cryoSPARC-2227 as described in section 4.2.3 (Figure 

4.21). The class averages did not display high-resolution features indicating the sample 

exhibited considerable degree of flexibility. This is in accordance with the lower resolution 

negative stain 3D reconstructions obtained relative to the heterodimer. A variety of different 

molecular orientations were identified in the classes suggesting that there was no preferred 

orientation in the ice. 

 

4.7.3 XPF-ERCC1 heterotetramer 3D classification and refinement 
Two ab-initio models were generated in cryoSPARC-2227 that corresponded to the XPF-

ERCC1 heterodimer and heterotetramer (Figure 4.21A). The particles contributing to the 

heterotetramer reconstruction were classified via two rounds of 3D heterogeneous refinement, 

using the ab-initio heterotetramer 3D model as a reference. Particles were selected for the 

next round of classification if they displayed continuous density and resembled the ab-initio 

model in morphology. This identified two alternative conformers which were refined to 14.4 Å 

(Figure 4.21F) and 14.1 Å using non-uniform homogenous refinement in cryoSPARC-2227. 

A

100nM

B

Figure 4.20 XPF-ERCC1 heterotetramer 2D classification Representative selection of cryo-EM 2D 

class-averages of XPF-ERCC1 heterotetramer from 321,176 particle images, calculated using 

CRYOSPARC-2, following 3D classification. 
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Both reconstructions were segmented using UCSF Chimera221 and to identify the dimer - 

dimer interface (Figure 4.21A).  

 
The reconstruction resolution was limited by the flexibility of the particle. The primary mode of 

flexibility was between the two heterodimers at the dimer-dimer interface. As such, signal 

subtraction of the density representing each heterodimer, followed by local refinement, 

improved the resolution of the 14.1 Å reconstruction to 7.2 and 6.6 Å (Figure 4.21 A-D) for 

each resulting sub-volume. This procedure failed to significantly improve the resolution of the 

14.4 Å reconstruction. A full 3D classification of the signal-subtracted particle images revealed 

that there is significant conformational variation within each heterodimer, with the principal 

mode of movement being the separation of the XPF nuclease and helical domains (Figure 

4.21B). This, coupled with the flexible inter-dimer interface limited the resolution of the 

reconstruction.  
 

 
 

A 
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4.7.4 Model building and structural description of the XPF-ERCC1 
heterotetramer complex 
Despite the Fourier shell correlation (FSC) curves reporting resolutions for the sub-volume 

reconstructions between 6.6 and 7.2 Å (Figure 4.22 B and D), no secondary structure was 

identifiable. This suggests that the resolution is over-estimated. Inspection of the 

reconstructions reveals a recognisable XPF-ERCC1 domain architecture and iterative low-

pass filtering of the high-resolution DNA-free XPF-ERCC1 heterodimer map followed by visual 

comparison with the heterotetramer reconstructions suggests that the resolution of the 

heterotetramer sub-volumes is approximately 10 Å. At this resolution, the only modelling that 

was possible was rigid body docking of models for each domain, derived from the high-

resolution DNA-free XPF-ERCC1 heterodimer structure.  

 

Docking in UCSF Chimera221 revealed that in both sub-volume reconstructions the XPF 

nuclease, ERCC1 NLD, RecA1 and RecA2 domains adopt a conformation similar to that of  

the XPF-ERCC1 heterodimer in the absence and presence of DNA. The domains which 

undergo significant conformational change are the XPF helical and heterodimeric 2x-(HhH)2 

domains precisely as reported for the DNA-bound conformer earlier in this chapter. In the sub-

volume heterotetramer reconstruction at 7.2 Å resolution, the XPF helical domain adopts a 

conformation similar to that in the DNA-free XPF-ERCC1 heterodimer, suggesting that it is 

held in an auto-inhibited conformation (Figure 4.11C), however. In this reconstruction, no 

density is recovered for the heterodimeric 2x-(HhH)2 domain, suggesting that it is a flexible 

element and is neither stabilised through interaction with the XPF helical domain as in the 

DNA-free  

 

XPF-ERCC1 heterodimer, or through contact with the XPF nuclease – ERCC1 NLD as seen 

in the XPF-ERCC1-DNA heterodimer. In the sub-volume heterotetramer reconstruction at 7.2 

Å resolution, density is recovered for the heterodimeric 2x-(HhH)2 domain (Figure 4.22A), 

Figure 4.21. XPF-ERCC1 heterotetramer cryo-EM processing workflow. (A) Micrographs were 

manually screened for crystalline ice and then particle images extracted following picking. After 3 

rounds of 2D classification the particle images were classified in 3D via heterogeneous refinement in 

CRYOSPARC-2 using a 3D reference generated by ab-initio reconstruction. Two alternative conformer 

3D classes with the correct volume and resembling the initial ab-initio heterotetramer reconstruction 
were selected after 3 rounds of 3D classification. Each was refined 14.4 and 14.1 Å resolution in 

cryoSPARC-2. Density corresponding to a single XPF-ERCC1 heterodimer was subtracted from the 

particle images and locally refined to 7.2 and 6.6 Å resolution. (B) 3D classification of signal-subtracted 

XPF-ERCC1 heterotetramer. 
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however. The XPF helical domain has pivoted approximately 50° away from the core of the 

HLM to adopt a conformation similar to that found in the XPF-ERCC1-DNA heterodimer 

reconstruction. It is likely that these dynamic interactions require either a DNA substrate or 

interaction with a partner protein such as SLX4 to become properly ordered with lower mobility. 
 

 

 
 

Figure 4.20. XPF-ERCC1 heterotetramer model. (A and C) XPF-ERCC1 heterotetramer domain 

architecture models fit into cryo-EM density. Domains coloured according to Figure 4.7A. Red circles 

indicate regions of map deviations from the DNA-free XPF-ERCC1 heterodimer. (A) 6.6 Å resolution 

reconstruction of one heterodimer of the XPF-ERCC1 heterotetramer. (B) FSC curve (0.143 threshold) 
for the reconstruction in panel A. (C) 7.2 Å resolution reconstruction of one heterodimer of the XPF-

ERCC1 heterotetramer. (D) FSC curve (0.143 threshold) for the reconstruction in panel C. (E) XPF 

models in panels A and C fit into the complete XPF-ERCC1 heterotetramer map comprised of two local 

reconstructions (B) FSC curve (0.143 threshold) for the XPF-ERCC1 heterotetramer prior to local 

refinement. 
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4.8 Chapter Summary  
The structure of heterodimeric XPF-ERCC1 bound to a minimal stem-loop DNA substrate 

reveals the key domain rearrangements required to activate XPF-ERCC1. Upon substrate 

binding, the XPF helical domain adopts a more open conformation, disengaging from the XPF 

CM and releasing the dimeric 2x-(HhH)2 domain. The ERCC1 (HhH)2 domain then engages 

the dsDNA minor grove adjacent to the junction while the 2x-(HhH)2 domain may either track 

or feed the ssDNA component of the substrate into the active site until a junction is 

encountered. The inherent flexibility in this artificial form of XPF-ERCC1, lacking 

physiologically-relevant protein recruitment partners, may have limited the resolution of the 

reconstruction. 

 

In-silico docking of the DNA-bound conformation of XPF-ERCC1 onto the recent TFIIH-XPA-

splayed arm DNA structure permits the assembly of an NER 5’ incision complex loaded onto 

the 5’ site of the damaged DNA bubble. The interfaces predicted by this model suggests that 

the flexible elements within the XPF-ERCC1-DNA cryo-EM reconstruction are likely to be 

ordered by engaging TFIIH subunits XPB and XPD, and XPA within the TFIIH complex.  

 

Mapping of patient derived FA anaemia mutations in XPF revealed that they cluster in the XPF 

helical domain. One such mutation, L230RXPF, abolished binding to the SLX4NTD indicating the 

XPF helical domain harbours a dominant binding component of the SLX4 binding site. It is 

also clear that this binding site is separated from the known XPA binding site within the ERCC1 

NLD, permitting differential pathway recruitment. FA mutations within the XPF helical domain 

that did not abolished interaction with the SLX4NTD rendered the complex insensitive to 

catalytic stimulation by SLX4NTD. SLX4 binding likely repositions the regulatory XPF helical 

domain to stimulate endonuclease activity.  

 

Finally, purified XPF-ERCC1 heterotetramer was characterised as an inherently flexible 

species in which the XPF helical and heterodimeric 2x-(HhH)2 domains possess a high level 

of intrinsic flexibility and adopt multiple varied conformations. The addition of DNA or partner 

proteins such as SLX4 are likely required to stabilise these dynamic domains. 
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Chapter 5 
Discussion  
 
The heterodimeric XPF-ERCC1 endonuclease plays a crucial role in a wide variety of DNA 

repair pathways including nucleotide excision repair and inter-strand crosslink repair. This 

thesis explores the mechanisms by which XPF-ERCC1 is autoregulated in its DNA-free state, 

and is activated following engagement with a model DNA junction substrate. The use of 

structural methods, primarily cryoEM, has established a molecular understanding of initial 

steps towards full activation on binding a substrate. Here I discuss the broader context and 

relevance as well as the biological implications of this work. I also suggest future experiments 

and directions to continue the project forwards to capitalise on advances in knowledge made 

within this thesis. 

 

5.1 Utility of the DiD1-Dyn2-DiD2 electron microscopy label 
Efforts towards solving the structure of XPF-ERCC1 using electron microscopy had been 

hampered historically by its small size and globular shape. In addition, XPF-ERCC1 expressed 

recombinantly from E. coli was frequently contaminated with bacterial nucleases and a 

proteolytic fragment but did not produce a high-quality sample in high-yields (Section 2.2.2). 

These factors contributed to substantial difficulties in producing negative stain EM grids in 

which clear XPF-ERCC1 molecular images could be discerned. In order to overcome these 

issues, a multi-domain protein label, the DiD1-Dyn2-DiD2 tag, was cloned in the C-terminus 

of XPF. The rationale for this was that the label would be identifiable at data collection 

magnification, preventing the picking and classification of contaminant bacterial nucleases. 

This study was the first to use this label in 3D-classification and it was theorised that its 

characteristic curvature would assist in identifying the relative Euler angles of particle images 

during angular assignment, improving the signal-noise during reconstruction. 

 

The use of the DiD-Dyn2-DiD2 label enabled the first unambiguous identification of molecular 

images of XPF-ERCC1 using negative stain EM (Figure 2.10A). This approach led to the first 

negative stain reconstruction of XPF-ERCC1 at a resolution of 25.6 Å. Despite this, the cloning 

and purification of the labelled protein represented significant obstacles to obtaining a high-

resolution negative stain reconstruction. The purification scheme was extensive (Figure 2.8), 

with substantial losses at each step with reducing overall yields of labelled XPF-ERCC1. This 

also prevented the use of open-hole cryoEM support grids to study the labelled complex, 

rather a carbon support was required. The support film reduced the particle contrast during 

cryo-EM imaging making particle identification and picking a challenge (Section 2.9.2), leading 



 
 
 

144 

to the incorporation of large amounts of noise into a dataset when using automated picking 

algorithms.  

 

When picking was carried out manually it was possible to obtain a dataset of labelled XPF-

ERCC1 particles, however. Unfortunately, 3D refinement of these aligned particle images did 

not result in a high-resolution structure which I speculate is due to intrinsic motion between 

the XPF-ERCC1 head and DiD1-Dyn2-DiD2 label components. Masked refinement of the 

XPF-ERCC1 head was able to improve the resolution to 12.8 Å resolution which was 

sufficient to build a model for XPF-ERCC1 architecture (Figure 2.14). Future experiments 

could be carried out to optimise the length of the linker between the head and tail 

components to optimise the map resolution. However, there is no simple way in which to 

assay the appropriate length other than empirically and this is therefore likely to be a labour-

intensive approach. In conclusion, the DiD1-Dyn2-Dyn2 label is useful for identifying a 

small, globular protein within a heterogeneous sample, but this method is unlikely to 

produce high-resolution reconstructions due to the flexibility between the label and the 

target protein which introduces continuous motion. The averaging methods employed to 

boost the signal to noise during 3D reconstruction in cryo-EM imaging processing mean 

that continuous motion prevents the recovery of high-resolution features. 

 
5.2 Convergence between low and high-resolution structural methods 
In parallel to pursuing negative stain and cryo-EM reconstructions of DiD-Dyn2-DiD1 labelled 

samples of XPF-ERCC1, a negative stain EM reconstruction of unlabelled XPF-ERCC1 was 

obtained at 19.4 Å (Figure 2.15). This unlabelled reconstruction was made possible by 

improvements to the XPF-ERCC1 purification scheme including the expression of a dual-

strep tagged construct in SF21 insect cells. There was broad agreement between the 

labelled and unlabelled reconstructions and the domain architecture models derived from 

them (Figure 2.14 and 2.16 respectively). The unlabelled reconstruction was used as an 

input for the integrative modelling platform (IMP). This software incorporates data from XL-

MS experiments, pre-existing high-resolution structures and homology models, a low-

resolution EM envelope and biochemical knowledge to generate a series of restraints and 

models that are ranked by a scoring function that penalises deviations from these restraints.  

 

Comparing the domain architecture models obtained by the unlabelled XPF-ERCC1 IMP 

output and the cryoEM DiD-Dyn2-DiD2 labelled XPF-ERCC1 with the high-resolution DNA-

free XPF-ERCC1 structure reveals which approach is more reliable. The cryo-EM 

reconstruction of labelled XPF-ERCC1 most closely resembled the high-resolution structure, 
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with the positioning of the helical domain in the unlabelled IMP reconstruction being incorrect. 

This is not surprising considering the resolution of the labelled cryo-EM reconstruction is 

higher than that of the unlabelled negative stain reconstruction. Despite this, some regions of 

the unlabelled negative stain reconstruction show more detail than the corresponding region 

in the labelled cryoEM map, including the XPF nuclease – ERCC1 NLD dimer. This is likely 

as a result of a more complete Euler sphere which is limited by the in-plane rotation of the 

DiD-Dyn2-DiD1 label. In addition, the XL-MS technique is limited by the accessibility of surface 

lysine residues meaning predominantly hydrophobic interfaces, such as that of the XPF 

nuclease and RecA1 domains, do not produce any crosslinks. These data subsequently 

inform the relative domain positioning by the IMP software, generating scoring penalties for 

placing domains next to one another that do not contain any crosslinks. In conclusion, negative 

stain EM on small proteins is challenging and can often give spurious results, even when 

combined with other data such as XLMS.  

 

5.3 High-resolution data collection strategies 
In order to obtain a high-resolution reconstruction of DNA-free XPF-ERCC1 a large number 

of micrographs were required. This data heavy approach is not ideal due to the large amount 

of microscope time required to collect the data. The large amount of data required is likely due 

to the poor signal to noise of the particles in the micrograph due to their small size, the flexible 

protein sequences at the periphery of the particle and the dynamic flexibility of the 2x(HhH)2 

domain dimer reducing the number of particles that are in an ordered conformation. During 

our efforts to obtain a DNA-bound XPF-ERCC1 complex, data was collected on a Titan Krios 

microscope, operated at 300 keV, using a Volta phase plate to increase the particle contrast. 

Following data collection and processing it was determined that the majority of particles did 

not contain the DNA substrate, however. It was possible to obtain a DNA-free reconstruction 

at 5 Å resolution using 30,000 particles (Figure 5.1). A randomly selected subset of 30,000 

homogenous particles collected from gold Ultrafoil and standard copper Quantfoil grids 

were refined to 5.4 and 5.8 Å respectively. This suggests that fewer particles are required 

to get to high-resolution if collected using the Volta phase plate due to the improvement in 

particle contrast. 

 

5.4 The role of the XPF helicase-like module 
The DNA-free structure of XPF-ERCC1 reveals the domain architecture and the structure of 

the XPF helicase-like module (HLM). The HLM has been previously shown to be required for 

full XPF-ERCC1 endonuclease activity in vitro despite not being an active helicase or  
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translocase. In solving the structure of the HLM we have been able to speculate on its 

physiological role.  

 

The closest structural homologue of both DNA-bound and DNA-free structures, as identified 

by the DALI protein structural comparison server238, is the helicase/translocase MDA5 that 

binds dsRNA197,238,239 (rmsd of 4.1 Å over 283 C-alphas). MDA5 binds to the major groove of 

A-form dsRNA using a concave surface lined with basic residues and sequences equivalent 

to the XPF RecA2 insert two spanning residues 441-550 (Fig. 5d). A similar positively charged 

concave surface is evident for XPF HLM. Additional density is apparent adjacent to the RecA2 

ß-sheet and could represent part of the missing insert two (disordered in the DNA-free 

structure), and is analogous to a dsRNA-binding region of MDA5. In the absence of DNA, the 

Figure 5.1 Cryo-EM Collection Comparison. 30,000 polished particle images were randomly 
selected from a homogenous population of particles corresponding to collections on (1) QuantiFoil 

carbon over copper grids using conventional defocus phase contrast (DFC) (2) QuantiFoil carbon 

over copper grids using the volta phase plate or (3) UltraFoil gold grids using DFC.  
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concave surface of the auto-inhibited conformation of the XPF HLM is too narrow to 

accommodate dsDNA, however. Upon release of the autoinhibitory contact between the XPF 

helical and nuclease domains following substrate engagement the HLM opens up into a 

conformation more conducive to dsDNA major groove binding. Further experiments using 

substrates with longer dsDNA regions or with A-/B-form DNA duplexes are required in order 

to validate this proposed mode of binding 

 

The stem-loop minimal substrate used to solve the DNA-bound structure of XPF-ERCC1 was 

optimised to be cleaved at a single defined site and is unlikely to represent a physiological 

substrate166. Longer substrates in vivo may contain regions that are engaged by the XPF HLM.  

 

 

It is not clear exactly how the dsDNA duplex is fed into the XPF active site. It is possible that 

the XPF HLM collapses onto the duplex of a DNA junction substrate, if that duplex is longer 

than the 10 base-pairs of the stem-loop. In this case the XPF-ERCC1 complex would adopt a 

much more compact, globular fold, enveloping the dsDNA. There are a number of solvent 

exposed aromatic residues in the XPF helical domain including the autoinhibitory H275, which 

may intercalate within the dsDNA bases. In this conformation it is possible that the HLM 

engages the dsDNA major grove which is not engaged by the ERCC1 (HhH)2 domain to 

promote movement of the ds-ssDNA discontinuity into the XPF catalytic site.  

 

Figure 5.2 Proposed dsDNA binding role of the XPF HLM. (Left) XPF HLM, RecA1 blue, RecA2 

pink, helical green. Basic and polar residues in yellow, coloured additionally by heteroatom. Concave 

surface of the XPF HLM contains the right physio-chemical environment for dsDNA binding (Right) 

Aligned view of the MDA5 active translocase. Basic and polar residues in yellow, coloured 

additionally by heteroatom. dsRNA surface rendering in pink. The MDA5 structure is capable of 

binding a dsRNA duplex in the central concave cavity. 
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The DNA-bound structure of XPF-ERCC1 is an in vitro surrogate for a more complex 

physiological assembly as within the cell nucleus, XPF-ERCC1 would only engage a DNA 

repair site following recruitment by essential repair pathway factors. This is an important 

consideration when proposing a role for the HLM as interactions with components of the NER 

machinery such as TFIIH and XPA may alter the HLM conformation and function. In addition, 

stalled replication forks that arise during ICL repair contain multiple duplex regions that may 

require simultaneous engagement by the dsDNA binding ERCC1 (HhH)2 domain and the XPF 

HLM. Further high-resolution structures are required with longer DNA substrates and 

recruitment partner complexes in order to fully understand the mechanistic basis for XPF-

ERCC1 action. 

 

5.5 Autoregulatory mechanisms of XPF-ERCC1 

The DNA-free structure of XPF-ERCC1 reveals that it is held in an auto-inhibited state prior to 

engagement with a DNA junction substrate. Nucleases are often heavily regulated enzymes 

due to their ability to cleave DNA non-specifically. Auto-regulation has been reported for the 

Artemis nuclease that is required for opening DNA hairpins generated during V(D)J 

recombination240. Biochemical experiments were used to show that a physical interaction 

between the N-terminal catalytic domain and C-terminal regulatory domain mediates 

autoinhibition. In the absence of an auto-inhibited Artemis structure it is not possible to 

compare the molecular details of this mechanism of autoinhibition with that of DNA-free XPF-

ERCC1. Other modes of auto-inhibition have been seen in molecules with diverse functions 

including the signalling adaptor protein Crk-II and dynein. Crk-II phosphorylation shifts the 

population of auto-inhibited molecules towards the activated state241. XPF contains two 

predicted phosphorylation sites of S521 and S764 which may alter the population of activated 

and auto-inhibited states. Cytoplasmic dynein is autoinhibited in its monomeric state and 

becomes activated following the assembly of multiple dynein motors on a single cargo242. This 

mechanism of regulation may be relevant for the XPF-ERCC1 endonuclease as the binding 

of protein partners such as SLX4 are likely to alter the population of active molecules.  

 

The interfaces that establish the autoinhibited state of XPF-ERCC1 are small and polar and 

thus readily disrupted. Furthermore, the small percentage of particle images included in the 

final DNA-free cryo-EM reconstruction relative to the total input suggests that XPF-ERCC1 

adopts flexible conformations other than that of the autoinhibited state. The role of the N-

terminal domains of FANCM and MUS81 is poorly understood. Now that a platform has been 

established for the solution of small XPF/MUS81 family member structures using cryo-EM, it 

would be interesting to study the full-length FANCM-FAPP24 and MUS81-EME1 complexes 
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and determine whether their N-terminal domains form autoinhibitory contacts with their C-

terminal catalytic domains. 

 
5.6 Role of the RecA2 domain inserts 
XPF has two large inserts of unknown function within its RecA2 domain. There was sufficient 

density in the cryo-EM reconstruction of DNA-free XPF-ERCC1 to trace the backbone of insert 

one (residues 345-377). This was not possible for larger second insert due to insufficient map 

density recovered (residues 441-550). Future work using the Volta phase plate may reveal 

more of the insert density, as has been reported for flexible elements within TFIIH. Both insert 

sequence are highly enriched for both positively and negatively charged residues, suggesting 

they interact with a charged substrate, via electrostatic interactions, such as DNA.  

 

Insert 1: 

HLPDAKMSKKEKISEKMEIKEGEETKKELVLES 

 

Insert2: 

EKDSKAEEVWMKFRKEDSSKRIRKSHKRPKDPQNKERASTKERTLKKKKRKLTLTQMVGK

PEELEEEGDVEEGYRREISSSPESCPEEIKHEEFDVNLSSDAAFGILKEP 

 

 

 

The structurally homologous translocase MDA5 binds to the major groove of dsRNA using 

sequences equivalent to the RecA2 insert two (Figure 5.2). These residues are disordered in 

the DNA-free structure of XPF-ERCC1 but may become ordered in the presence of dsDNA. 

There is additional density flanking the RecA2 ß-sheet for the DNA-bound form but the 

resolution of the map is insufficient to allow model building. Whether the concave inner surface 

of the XPF HLM can bind dsDNA in an alternative mode to that we observe in our DNA-bound 

structure is not clear. It may be that the HLM only engages duplex DNA during specific 

branches of DNA repair pathways. XP patient mutations R454WXPF, R490QXPF, E502KXPF, 

G513RXPF and I529TXPF map to the second RecA2 insert emphasising its functional 

importance in nucleotide excision repair.  

 

Red– positively charged 
Blue– negatively charged 

Figure 5.3 The charge status of XPF inserts. Sequences for XPF insert one (top) and insert two 

(bottom) displayed with the single letter amino acid nomenclature. The presence of a negatively 

charged residue is indicated by blue highlighting whereas the presence of a positively charged 

residue is indicated by red highlighting.  
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Recombinant XPF-ERCC1 has been expressed and purified in the lab where each RecA2 

insert has been removed in a process guided and informed by the high-resolution DNA-free 

structure. Future work will characterise the effect of insert removal on endonuclease activity 

in vitro. These mutants could also be characterised ex-vivo using the Knipscheer lab X. laevis 

oocyte assay system in which immuno-depletion of wild-type XPF-ERCC1 is coupled to the 

introduction of recombinant XPF-ERCC1 mutants and the effects on ICL repair discerned79.  

 

Recent work from the Berger lab has identified how intrinsically disordered regions within the 

replication initiation machinery of D. melanogaster drive liquid-liquid phase separation upon 

binding DNA in vitro243. It is proposed that phase separation increases the local concentration 

of replication factors in localised hubs. This process has also been shown to occur in 

chromosome recruitment, initiator-specific co-assembly, and Mcm2-7 loading, and is 

predicted to occur during DNA repair244. It may be that the intrinsically disordered inserts within 

the RecA2 domain of XPF, in addition to the N-terminus of ERCC1, drive this process during 

NER and ICL repair.  

 
5.7 Novel XPF-ERCC1 domain interfaces 
Our structures of XPF-ERCC1 reveal a number of previously unreported inter-domain 

interfaces. The XPF nuclease – ERCC1 NLD interface was confirmed as integral for 

heterodimerisation in a homologous fashion to other XPF/MUS81 family members (Figure 

3.10). The XPF RecA1 – nuclease domain interface was identified as a predominately 

hydrophobic interface that forms the primary contact point between the XPF catalytic and 

helicase-like modules (Figure 3.11). This interface remains rigid during the structural 

rearrangements associated with DNA engagement (Figure 4.7). The RecA1 – RecA2 domain 

and RecA2 – helical domain interfaces were confirmed as adopting a similar architecture to 

other SF2 family helicases with additional structural coupling through the a20 and b8 

secondary structure motifs (Figure 3.9). The polar autoinhibitory contacts between the XPF 

helical domain and both the XPF nuclease domain and ERCC1 (HhH)2 domain reveal a novel 

mechanism of nuclease regulation (Figure 3.11). Finally, the ERCC1 NLD – 2x(HhH)2 interface 

identified in the DNA-bound conformer is similar to that of other XPF/MUS81 family proteins 

engaged with substrate DNA (Figure 4.7).  

 

The identification of the XPF RecA1 – nuclease domain and the RecA1 – RecA2 interfaces 

has increased the diversity of surfaces that may be targeted by small molecule inhibitors. Due 

to the cross-reactivity of compounds that target the XPF active site, protein-protein interfaces 

are an interesting candidate for XPF-ERCC1 inhibitors to potentiate the efficacy of platinum-
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based chemotherapy. Y71XPF and L39XPF in the RecA1 domain form important contacts with 

Y564XPF and I592XPF in the RecA2 domain respectively. Polar residues also form contacts at 

the domain interface in a small pocket that has the characteristic features of a potential small 

molecule binding site. RecA1 forms a large interface with the XPF nuclease domain involving 

aromatic and hydrophobic residues that could also be targeted via drug screening. Inhibiting 

the XPF HLM is an attractive prospect as the single R153PXPF point mutations produces a 

severe hypersensitivity to ICL agents and the HLM is required for full endonuclease activity166. 

 

5.8 Differential impact of XP and FA patient mutations 
An important outstanding question in understanding XPF-ERCC1 activity and regulation 

concerns the mechanism by which the endonuclease is recruited to different repair pathways. 

Mapping the XPA interaction site within ERCC1 and the SLX4 site within the XPF helical 

domain reveals spatial separation of each recruitment partner site in the DNA-free state 

(Figure 4.14). It suggests the critical binding determinants are non-overlapping, but full 

structures of XPF-ERCC1 with SLX4 or XPA combined with competition binding studies are 

required to prove this. Our model for a 5’ NER incision complex reveals that in addition to the 

previously reported XPA binding site in the ERCC1 NLD, XPA contacts additional regions 

within XPF and ERCC1 including the XPF nuclease domain and possibly elements of the HLM 

(Figure 4.13). It could be that despite the primary binding sites for XPA and SLX4 being 

spatially distinct, the extensive interfaces formed during complex formation preclude the 

simultaneous binding of both recruitment factors.  

 

FA mutants in XPF display close to wild-type levels of endonuclease activity in vitro, however. 

XPF-ERCC1 activation by SLX4 is disrupted by some FA mutations that map to the helical 

domain including 323-326DXPF and L230RXPF (Table 4.1), the latter of which prevents SLX4 

binding. These data are in agreement with previous in vivo work78. The mechanism of SLX4 

activation is not currently known although we would predict from the XPF-ERCC1 structure 

that SLX4 binds to and repositions the regulatory XPF helical domain in order to increase 

nucleolytic activity of the endonuclease and allow better access to substrate. In contrast, XP 

associated mutations were found to generally reduce endonuclease activity in vitro towards 

an NER substrate by destabilising the complex (Table 3.3). Many of these mutants were 

challenging to express recombinantly and were associated with low yields and aggregation. 

In addition, expression in SF21 insect cells was time consuming due to the requirement of 

producing recombinant baculoviruses. Future work will focus on characterising XPF and 

ERCC1 mutations produced by higher throughput expression systems, such as transient 

transfection in human embryonic kidney (HEK) cells.  
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5.9 Limitations of the in vitro XPF-ERCC1 activity assay 
The in vitro activity assays that were used to characterise the XP and FA patient mutants were 

carried out in the absence of other NER factors. Furthermore, the stem-loop DNA junction 

substrate represents a model NER substrate rather than the stalled replication fork structures 

encountered during ICL repair. In order to fully understand the effect of point mutations it will 

be necessary to repeat these assays in the presence of key regulatory factors including XPF 

and TFIIH for NER and SLX4 and SNM1A for ICL repair. Future work may also use more 

sensitive fluorescently-labelled substrates for high-throughput screening assays to more 

accurately quantify the binding of small molecule XPF-ERCC1 inhibitors.  

 

Towards this goal, recent work in our lab, carried out in collaboration with the McHugh and 

Brown labs, identified DNA fork substrates that are more sensitive than the stem-loop used in 

the assays discussed in this thesis245. This work involved the optimisation of the fluorophore 

and quench positions within a DNA fork substrate. The substrate contained a 28 base-pair 

duplex and 20 nucleotide ss DNA arms. The identification and characterisation of a putative 

pyrimidine pocket offers the opportunity to increase substrate sensitivity further by considering 

this sequence preference when designing substrates. These substrate adaptations will also 

benefit the design of assay substrates for use in human tissue samples where the 

physiological amounts of XPF-ERCC1 are low relative to recombinant preparations.  

 
 
5.10 Conformational rearrangements upon binding a DNA junction substrate 
Comparison of the DNA-free and DNA-bound structures reveals how engagement with a DNA 

junction substrate is able to disengage the XPF helical domain from the XPF CM and release 

the heterodimeric 2x(HhH)2 domain. The released 2x(HhH)2 domain is then able to engage a 

minor grove in the DNA duplex adjacent to the DNA ds/ss junction and packs against the XPF 

nuclease - ERCC1 NLD dimer, as observed for structures of Mus81-Eme1 and A. pernix XPF. 

The order of events which leads to this activation mechanism is unclear. One possible 

mechanism for the initial stages of XPF-ERCC1 activation involves a ssDNA recognition event 

which leads to the displacement of the 2x(HhH)2 domain.  

 

The ssDNA binding elements on the XPF (HhH)2 domain and ERCC1 NLD are both accessible 

in the DNA-free structure. Whilst the exact ssDNA binding site on the ERCC1 NLD is not 

mapped, structural data suggests that it binds within a V-shaped groove in an analogous 

position to the substrate binding site of the archaeal XPF endonucleases211. The highly 

conserved (Figure 3.15) basic and aromatic residues lining this groove R106, R108, R144, 

R156, F140, Y145, and Y152 are capable of binding both the phosphodiester backbone 
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and intercalating within the nucleobases respectively. Aligning the NMR structure of the 

ssDNA bound XPF (HhH)2 domain with the DNA-bound and DNA-free XPF-ERCC1 

structures reveals how the ssDNA binding sites on XPF and ERCC1 are separated by 

approximately 80 Å, or 50 Å from the final nucleotide in the ssDNA bound XPF (HhH)2 

structure (Figure 5.4). A clear trajectory is visible linking the two binding sites, yet the distance 

is greater than can be spanned by the ssDNA portion of the DNA stem-loop. Local resolution 

estimation and 3D variability analysis indicates how in the DNA-free structure the 2x(HhH)2 

domain heterodimer rocks side-to-side, with the pivot point existing at the polar interface with 

the XPF helical domain (Figure 3.7).  

 

It is possible that the simultaneous binding of ssDNA at the ERCC1 NLD and the XPF (HhH)2 

domain creates enough tension to disrupt the interface between the ERCC1 (HhH)2 domain 

and the XPF helical domain, causing the 2x(HhH)2 domain heterodimer to pivot round and 

adopt a new position closer to the XPF nuclease domain. This in turn exposes the dsDNA 

binding residues on the ERCC1 (HhH)2 domain and leaves the XPF helical domain 

disengaged from the autoinhibitory contact formed with the XPF nuclease domain. Preliminary 

efforts to test priming XPF-ERCC1 through incubation with ssDNA does not activate the 

complex to cleave a dsDNA duplex, suggesting that the ds and ssDNA elements must be 

structurally coupled. 

  

5.11 XPF active site engagement with DNA  
The DNA-bound structure of XPF-ERCC1 places the scissile phosphodiester bond 

approximately 15 Å from the XPF active site ERK motif (residues 725-727). It is unclear how 

the dsDNA is engaged and subsequently cleaved by the XPF nuclease domain. The resolution 

of the map in this region (approximately 9 Å) is lower than the global average, suggesting that  
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Figure 5.4 Comparison of DNA-free and DNA-bound XPF-ERCC1 gives insights into DNA 
junction activation. Two orthogonal views of DNA-free XPF-ERCC1. NMR structure of XPF (HhH)2 

domain engaged with a ssDNA substrate (PDB: 2KN7) aligned to the full-length DNA-free structure 

provides distances between the ssDNA binding site on the XPF (HhH)2 domain and the ERCC1 NLD, 

suggesting they are too far apart to be engaged simultaneously. b Following substrate engagement, 

the 2x(HhH)2 domain undergoes a substantial movement to engage the ERCC1 NLD. This positions 

the two ssDNA binding sites on the XPF (HhH)2 domain and the ERCC1 NLD close enough to both 

simultaneously engage ssDNA. Table inset shows the substrates that XPF-ERCC1 displays activity 

with. 
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multiple conformations are adopted by the 2x(HhH)2 – DNA module (Figure 4.6). Equally, the 

accessibility of the dsDNA major groove opposite to the 2x(HhH)2 minor groove interaction 

could be rotated towards the concave surface within the XPF HLM, analogous to how MDA5 

recognises dsRNA. It is possible that HLM engagement with a longer DNA duplex promotes 

movement of the ds/ss DNA discontinuity into the XPF catalytic site. Further structures are 

required to explore precisely how the scissile bond is presented to the XPF catalytic site, the 

full extent of the conformational alterations required and how they differ from the DNA-free 

structure. 

 

There are two possible mechanisms by which XPF-ERCC1 is able to cleave the stem-loop 

DNA duplex 2 nucleotides 5’ to the ds/ss DNA junction. XPF-ERCC1 could either separate 

strands from a DNA-junction, in which case a partner protein such as XPA or SLX4 could 

assist in this by providing a molecular wedge, often found in DNA remodelling complexes and 

nucleases such as FEN1. Indeed a recent structure has shown that XPA has a b-hairpin able 

to separate the dsDNA substrate in the TFIIH-XPF-DNA structure47. Alternatively, XPF-

ERCC1 could preferentially nick a duplex without unravelling or separating the two DNA 

strands. Arguing against this, we have shown previously that XPF-ERCC1 is unable to nick 

linear dsDNA duplexes in vitro. Since NER removes intra-strand helix-distorting lesions within 

DNA it is possible that the single-stranded regions of a DNA-junction substrate are captured 

initially and tracked until a DNA discontinuity is reached. One possibility is that the dsDNA is 

fed into the XPF active site via the helicase/translocase functions of XPB/XPD within TFIIH, 

although this doesn’t explain the ability of XPF-ERCC1 to cleave DNA junction substrates in 

their absence. The in vitro activity measured for XPF-ERCC1 may be a fraction of that attained 

at a repair site bound to recruitment factors and is therefore be a poor surrogate for its true 

catalytic activity 

 

5.12 Future structural experiments for the XPF-ERCC1-DNA complex  
Inspection of the particle distribution plots following refinement of the DNA-bound XPF-ERCC1 

complex reveal the presence of two preferred orientations (Figure 4.6). This manifests as 

anisotropy within the subsequent reconstruction. During data collection, various ice 

thicknesses were selected to prevent the domination of one particular molecular view, 

however. This did not overcome the problem suggesting that there is a specific physio-

chemical property to the sample that means it adopts a preferred orientation within vitreous 

ice. Future experiments should attempt to alter the surface properties of the grid support by 

charging in amyl amine to generate a positively charged hydrophobic film246. This has been 
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shown to alter the distribution of molecular views relative to conventional glow-discharge in 

air246.  

 

It is important to solve a ss/dsDNA- bound XPF-ERCC1 with substrates containing a longer 

dsDNA duplex than that of the stem-loop. This will enable us to determine the role of the HLM 

and whether it engages the duplex upstream from the ERCC1 (HhH)2 domain. Previous work 

in the lab identified a minimal dsDNA footprint of 10 nucleotides is required by XPF-ERCC1 

for endonucleolytic cleavage in vitro but the same footprint may not be the case in a 

reconstitution reaction. The XPF helical domain is at lower resolution in the cryo-EM map than 

both the RecA1 and RecA2 domains suggesting it is adopting multiple conformers. It is likely 

that the helical domain would become ordered upon dsDNA engagement permitting a high-

resolution reconstruction within this region. In addition, a structure using a ss/dsDNA structure 

in which the ssDNA region is not sterically constrained (as it is the case in the stem-loop), may 

allow capture of the ssDNA and provide important information regarding the mechanism of 

XPF-ERCC1 activation. The ssDNA element of the stem-loop is insufficient to engage fully 

both the ssDNA binding site on the XPF (HhH)2 domain and the ERCC1 NLD. These regions 

are at intermediate resolutions in the cryo-EM map and it is likely that full ssDNA engagement 

is required in order to stabilise the DNA-bound conformation and recover a high-resolution 

structure. Ultimately a cryo-EM reconstruction including TFIIH, XPA, XPF-ERCC1 and DNA is 

required to fully explain the mechanisms of substrate engagement within NER.  
 
5.13 A putative role for the (XPF-ERCC1)2 heterotetramer 
The cryo-EM reconstruction obtained of the (XPF-ERCC1)2 heterotetramer was at insufficient 

resolution to identify clear secondary structure elements. As a result, only a domain level 

structural analysis is possible. The most striking feature of the two local reconstructions of 

each constituent XPF-ERCC1 heterodimer is that one contains density for the 2x(HhH)2 

domain in the same position as in the DNA-free XPF-ERCC1 heterodimer reconstruction, 

whereas the other heterodimer local reconstruction does not (Figure 4.22). This may reflect 

the fact that there is one active heterodimer and one inactive within the heterotetramer, a 

hypothesis supported by the observation that the Vmax for the heterotetramer is 

approximately half of the Vmax for the heterodimer in equimolar concentrations of stem-loop 

substrate (Figure 2.5). An alternative explanation for this could be that the stem-lop substrate 

is too small to be simultaneously engaged by both heterodimer active sites yet its binding 

prevents the engagement of two stem-loop substrates simultaneously, effectively reducing the 

number of available XPF active sites by half. Another interesting observation is that the helical 
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domain position varies between the two local reconstructions, re-enforcing its nature as a 

mobile regulatory element.  

 
Previous work determined the stoichiometry of the XPF-ERCC1-SLX4NTD to be 2:2:2, 

suggesting that the XPF-ERCC1 heterotetramer could play a distinct functional role in ICL 

repair85. In our hands, the XPF-ERCC1-SLX4NTD was determined to be 1:1:1 using SEC-

MALLS, although more work is required to fully validate this result in different buffer conditions 

(Figure 2.4). The SEC-MALLS data also indicated that the molecular weight of the 

heterotetramer is consistent with two, full-length heterodimers, in contrast to the purified XPF-

ERCC1 heterodimer that is clipped at the ERCC1 N-terminus. This suggests formation of the 

tetramer protects the ERCC1 N-terminus against proteolysis and implicates this region in 

tetramer assembly or function. Future experiments could test this by truncating the ERCC1 

coding region and assessing the levels of XPF-ERCC1 heterotetramer produced compared to 

heterodimer.  

 

In principle the XPF-ERCC1 heterotetramer would be capable of carrying out dual incisions in 

the phosphodiester DNA backbone, either side of the ICL during the unhooking reaction of 

ICL repair. The presence of two XPF active sites simultaneously situated at the ICL removes 

the requirement for complex conformational changes required to reposition the XPF active site 

for the second incision. It is currently unclear as to the mechanism of ICL unhooking in vivo 

although it has been shown in vitro that the XPF-ERCC1-SLX4NTD complex is capable of 

unhooking ICLs in the absence of other factors such as the SNM1A exonuclease82,85. Future 

experiments could test this hypothesis by manipulating the levels of tetramer to dimer in 

recombinant expressions by mutating our residues at either the heterotetramer interface or 

with N-terminal truncations of ERCC1. These constructs could then be transfected into cells 

lacking a functional XPF-ERCC1 complex to see whether the tetramer deficient mutants are 

capable of complimenting the repair deficient phenotype. The extent of ICL repair activity can 

be monitored either through antibodies that recognise DNA-psoralen crosslinks247 or GFP 

assays that measure homologous recombination following psoralen treatment through DNA 

triplex technology248. 

 

There are multiple sources of conformational heterogeneity that give rise to the low-resolution 

heterotetramer reconstruction. These include flexibility at the dimer – dimer interface in 

addition to the flexibility of individual domains within each heterodimer unit. It is likely that 

these flexible elements become ordered in complex with partner proteins such as SLX4, as 

predicted to be the case for the DNA-bound XPF-ERCC1 heterodimer and TFIIH-XPA. Future 
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work will aim to prepare such complexes in the presence and absence of DNA substrates. As 

the junction substrate recognised by the heterotetramer may differ to that of the heterodimer, 

biophysical methods should be employed to identify DNA structure that bind most tightly with 

the heterotetramer prior to grid preparation.  

 
5.14 Chapter summary 
Both intra and interstrand crosslinks represent a significant challenge to maintaining genome 

stability. The only factor essential for the repair of both of these forms of DNA damage is the 

XPF-ERCC1 endonuclease. The diverse range of pathologies associated with mutations in 

XPF-ERCC1 highlights its importance to multiple different repair pathways. By solving the first 

full-length structure of an XPF/MUS81 family protein as described in this thesis, we have been 

able to understand the disease mechanisms underlying many DNA repair disorders including 

xeroderma pigmentosum and Fanconi anaemia. This analysis reveals how XP and FA 

mutations elicit their deleterious effects through distinct molecular mechanism. Our structural 

studies have also enabled us to understand the mechanisms of XPF-ERCC1 regulation. The 

complex is autoinhibited prior to substrate engagement, at which point conformational 

changes are coupled to endonuclease activation. Understanding complex activation is 

important for identifying novel strategies for XPF-ERCC1 inhibition. Future work will address 

the outstanding questions regarding how the DNA junction substrate is fed into the XPF active 

site and the role of NER factors including TFIIH and XPA. In addition, further structural 

characterisation of the (XPF-ERCC1)2 heterotetramer in complex with SLX4 and DNA hopes 

to understand the role of this association state in ICL repair. Taken together, these data 

represent a significant step forward in understanding the structure and function of the XPF-

ERCC1 endonuclease.  

 

 
 
 
 
 
 
 
 



 
 
 

159 

Chapter 6. Materials and methods  
 
6.1 Commonly used materials  
Standard chemicals and oligonucleotides were purchased from Sigma-Aldrich unless stated 

otherwise. Restriction enzymes were purchased from New England Biosciences. Buffers and 

solutions were made up using deionised water from a Milli-Q water purifier (Millipore). A full 

list of consumables and reagents from alternative suppliers is available in Table 6.1.  

 
Consumables and Reagent Source 
TCEP Thermo-Fisher 
CHAPS Anatrace 
Protease inhibitor cocktail Promega 
PMSF Thermo-Fisher 
GST resin GE Healthcare 
Strep-tactin resin IBA Life-Sciences 
Kanamycin Melford Laboratories 
Gentamycin Life Technologies 
Ampicillin Melford Laboratories 
IPTG Bioline 
Ni-NTA agarose Invitrogen 
Uranyl acetate Agar Scientific 
DSSO Thermo-Fisher 
Ammonium bicarbonate Thermo-Fisher 
Urea Thermo-Fisher 
Iodoacetamide Thermo-Fisher 
Formic Acid Thermo-Fisher 
Trifluoroacetic acid Thermo-Fisher 
Acetonitrile Thermo-Fisher 
Q5 high-fidelity master mix New England Biolabs 
Gibson assembly master mix New England Biolabs 
UltraPure agarose Invitrogen 
Spectra multicolour broad range ladder Generon 
Vivaspin concentrators Sartorius 
Empore SPE C18 disks Sigma-Aldrich 
Qiagen spin miniprep kit Qiagen 
BigDye terminator Applied Biosystems 
Q5 site directed mutagenesis New England Biolabs 
NEBuilder HiFi assembly cloning kit New England Biolabs 
NuPAGE 4-12% Bis-Tris gels Life Technologies 
NuSep 4-20% Tris-HEPES gels NuSep 
X-Gal Thermo-Fisher 
GelRed Biotium 
Glutathione sepharose 4B GE Healthcare 
Durapore filters 0.22 μm (PVDF) Merck-Millipore 
QiaPrep gel extraction kit Qiagen 
HiSpeed plasmid maxi kit Qiagen 
Quick stain Coomassie Generon 
PCR tubes Thermo-Fisher 
SYPRO Orange protein gel stain Thermo-Fisher 
TEV Protease Sigma-Aldrich 
3C Protease PreScission Amersham Bioscience 
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Base-Muncher Expedeon 
Restriction enzymes New England Biosciences 
Trypsin Promega 
1 kb plus DNA ladder Invitrogen 
Fugene HD reagent Promega 
HighPure Nucleic-acid Large Volume Kit Roche 
30 ml filter syringe Chromabond 
0.22 µm PES filter unit Merck-Millipore 
Slide-A-lyzer dialysis cassette Thermo-Fisher 
Bolt Bis-Tris Plus Thermo-Fisher 
MicroAmp 96-well quantitative PCR plate Thermo-Fisher 
Anti-ERCC1 antibody Crick Cell Services 
Anti-XPF antibody Crick Cell Services 
Anti-SLX4 antibody Steve West Lab (Crick) 
Goat, anti-mouse (HRP) Abcam 
Photographic Film Thermo-Fisher 

 
Table 6.1 Consumables and reagents 

 
Media Composition 
SOC 20g bacto-tryptone, 5g bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4, 20 mM D-glucose made up to 1L with dH2O, autoclaved 
LB 10g NaCl, 10g bacto-tryptone, 5g bacto-yeast extract made up to 1L with dH2O, 

autoclaved 
TB 12g bacto-tryptone, 24g bacto-yeast extract, 4ml glycerol, 100ml 0.17M KH2PO4 and 

0.72M K2HPO4 made up to 1L with dH2O, autoclaved 
SFIII Invitrogen proprietary 
LB agar 6g agar, 400ml LB medium, autoclaved 

 
Table 6.2 Media 

 
Equipment Source 
HiTrap Heparin HP GE Healthcare 
MonoQ GE Healthcare 
Superose-12 GE Healthcare 
Superdex-200 GE Healthcare 
Superdex-200 Increase GE Healthcare 
Superdex-75 GE Healthcare 
Superose-6 Increase GE Healthcare 
Corning 3854 Micro-titre Plates Sigma-Aldrich 
PCR Machine Peltier 
Electroporator Biorad 
Incubator Innova 44 New Brunswick Scientific 
Ultracentrifuge Beckman J26 
5424 Centrifuge Eppendorf 
Sorvall Legend XFR Thermo-Fisher 
Sonicator MSE Soniprep 150 
Gradient Mixer BioComp Instruments 
Vitrobot Mark IV FEI 
Glow Discharger Pelco EasiGow 
CLARIOstar plate reader BMG Labtech 
ÄKTA Pure GE Healthcare 
Optilab T-rEX Wyatt Technology 
EASY-Spray column Thermo-Fisher 
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Orbitrap Fusion Lumos Tribrid Thermo-Fisher 
Acclaim PepMap 100 C18 Thermo-Fisher 
Ultimate 3000 RSLCnano Dionex 
ABI Prism 3730 DNA sequencer Thermo-Fisher 
SW 55 Ti Rotor Beckman Coulter 
NanoDrop 2000 spectrometer Beckman Coulter 
UV/Vis Spectrophotometer Unico 
UV transilluminator Fisher Scientific 
BIORAD Sub-CellTM Biorad 
Vi-CELL cell counter Beckman Coulter 
750 Fast qPCR machine Applied Biosystems 
Octet QKe instrument ForteBio 
Glow Discharger PELCO EasiGlow 
626 Cryoholder FEI 
Cryo-Station FEI 
Western Blot transfer kit Biorad 

 
Table 6.3 Equipment 

 
Protein(s) Species Tag Vector Source 
Dyn2 S. cerevisiae 6His pET-24d Dirk Flemming1 

Pfa6-eDID1 S. cerevisiae Flag pLOX-MX4 Dirk Flemming1 

DID2 S. cerevisiae GST/Flag (TEV) pProEX HTb Dirk Flemming1 

PrA-DID2 S. cerevisiae Flag pProEX HTb Dirk Flemming1 

SLX4 H. sapiens N/A pLou3 CRT2 
XPF-ERCC1 H. sapiens 6His pFastBac-Dual CRT2 
XPF-ERCC1 H. sapiens 6His pET-30b Maureen Bowles3 
Dyn2 S. cerevisiae 6His (3C) pET-14b N/A 
SLX4-Nterm H. sapiens GST (3C) pBacPAK N/A 
XPF-DiD1-ERCC1 H. sapiens SII (TEV) pET-30b N/A 
XPF-ERCC1 H. sapiens SII (TEV) pFastBac-Dual N/A 

 

1 Heidelberg University 
2 Cancer research technologies 
3 McDonald laboratory  

Table 6.4 Vector constructs 

 
6.2 Cloning  
 

6.2.1 Polymerase chain reaction  
Polymerase Chain Reaction (PCR) was used to amplify protein encoding sequences from 

template DNA using a thermocycler (Peltier). A reaction volume of 20 μl was typically used, 

comprising 1x Q5 High-Fidelity Master Mix (New England BioLabs), 0.5 μM forward and 

reverse primers and 50-200 ng of template DNA. PCR was carried out with an initial 

denaturation at 98°C for 30 seconds followed by 30 cycles of amplification. Each cycle 

consisted of a 10 second denaturation step at 98°C, a 30 second annealing step and an 

extension step at 72°C. The optimal temperature for the annealing stage was calculated using 

the NEB Tm Calculator tool (https://tmcalculator.neb.com/#!/main) and was typically 5°C 
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below the primer melting temperature. The duration of the extension step was calculated as 

20-30 seconds per kilobase of amplified sequence. A final extension was performed at 72°C 

for 2 minutes and the reactions stored at 4 °C. 

 

6.2.2 Site-directed mutagenesis 
Site directed mutagenesis (SDM) was performed using the Q5 SDM NEB kit (New England 

BioLabs). Mutagenesis was carried out in a 25 μl reaction containing 1x Q5 High-Fidelity 

Master Mix, 1-25 ng plasmid DNA and 0.5 μM forward and reverse primers. Mutagenesis 

primers were designed using the NEB BaseChanger tool (https://nebasechanger.neb.com/). 

Thermocycling conditions were as described in 6.2.1. To facilitate ligation of the mutagenesis 

product, template DNA was digested with DpnI and the remaining DNA phosphorylated at the 

5’-OH in a process termed the KLD reaction (kinase, ligase, DpnI). 1 μl of the SDM reaction 

was incubated with 5 μl of 2x KLD reaction buffer and 1 μl of 10x KLD enzyme mix, made up 

to 10 μl total volume with nuclease free water for 5 minutes at room temperature. 1 μl of this 

reaction volume was then used to transform 250 μl of chemically competent NovaBlue E. coli 

cells (Novagen) as described in 6.2.4.  

 

6.2.3 Gibson assembly 
The NEBuilder online tool was used to design primers for both vector and inserts containing 

overlaps that permit appropriate annealing. PCR was then carried out as previously described 

to prepare the linearised vector and insert. 50-100ng vector was incubated with a 3-fold molar 

excess of insert for a 2-3 fragment assembly. 10 μl of 2x Gibson assembly master mix was 

added to the DNA in a total reaction volume of 20 μl and incubated at 50°C for 20 minutes. 

The exonuclease in the master mix creates single-stranded 3’ overhands to permit 

complementary fragments followed by gap filling polymerase action and ligation. 1 μl of 

product was transformed into chemically competent NovaBlue E. coli cells (Novagen) as 

described in 6.2.4. 

 

6.2.4 Construct amplification and DNA extraction 
Constructs were transformed into chemically competent NovaBlue E. coli cells using heat 

shock. 5 – 500 ng of plasmid DNA was incubated with 250 μl of NovaBlue cells for 30 minutes 

at 4°C. Cells were first submerged in a water bath at 42°C for 45 seconds then incubated at 

4°C for 5 minutes. 900 μl of super optimal broth (SOC) media was added to the cells which 

were then grown for 1 hour at 37°C with mild shaking. The transformed cells were then plated 

on LB agar plates containing 50 μg/ml ampicillin, the ampicillin resistance gene being carried 

on the NovaBlue pFL plasmid, and incubated at 37°C overnight. Additional antibiotics were 



 
 
 

163 

included if corresponding resistance genes were carried by the amplification plasmid of 

interest. Ampicillin was used at 100 mg/L, chloramphenicol at 34 mg/L and kanamycin at 30 

mg/L. Colonies were then selected and grown in 5ml LB and ampicillin and any additional 

antibiotics overnight at 37°C with mild shaking. Cultures were then spun down at 4000 X g for 

10 minutes at 4°C in a rotary centrifuge and the supernatant discarded. The plasmid DNA was 

then purified from the cell pellets using the Qiagen spin miniprep kit according the 

manufacturer’s instructions. Purified DNA was eluted from the spin columns using EB buffer.  

 

6.2.5 DNA sequencing 
All plasmids were sequenced to determine their exact nucleotide composition. Sequencing 

primers were supplied at 3.2 μM to the Francis Crick Institute genomics equipment park who 

carried out DNA sequencing by first running the BigDye terminator cycle sequencing kit 

(Applied Biosystems). The product was then sequenced via capillary sequencing on an ABI 

Prism 3730 DNA sequencer (Thermo-Fisher).  

 

6.2.6 DNA quantification 
DNA concentrations were determined using absorption at 260nm using a NanoDropTM 2000 

spectrometer (Thermo-Fisher). 

 

6.2.7 Restriction digests 
Digests were carried out for 1 hour at 37°C with 1-2 units of the relevant enzyme per μg of 

DNA. For both single and double digests, the buffers recommended by the enzyme supplier 

(New England Biolabs) was used. 1 μl of DNA at 1 μg/μl was incubated with 2 μl of 10x buffer, 

1 μl restriction enzyme in 20 μl dH2O. The reaction was topped by heat inactivation at 65°C 

for 15 minutes. DNA was purified using a Qiagen spin miniprep kit.  

 

6.2.8 Agarose gel electrophoresis 
In order to visualise DNA after modification, agarose gel electrophoresis was carried out. Gels 

were comprised of 0.8-1% agarose in TAE buffer if the DNA was to be gel-purified or 0.8-1% 

agarose in TBE buffer if for analytical purposes. Gels contained 0.5 μg/ml GelRed for 

visualisation with a UV-transilluminator (Fisher Scientific). Gels were run in a Sub-Cell 

electrophoresis tank (BioRad) in buffer for 30 minutes at 120 volts. DNA 6x sample buffer was 

added to each DNA sample prior to electrophoresis and molecular weight was estimated by 

comparison with 1 kb plus DNA ladder (Invitrogen).  
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DNA Buffers Composition 
TAE  40M Tris-acetate, 1mM EDTA, pH 8.3 

TBE 45 mM Tris-borate and 1 mM EDTA, pH 8.3 

DNA 6x sample  0.25% bromophenol blue, 30% (v/v) glycerol, TAE buffer                  

 
Table 6.5 DNA buffers 

 

6.2.9 DNA gel purification and ligation 
DNA bands were cut from a TAE-agarose gel and extracted using the QiaPrep gel extraction 

kit (Qiagen) according to the manufacturer’s instructions. Purified restriction products were 

ligated using T4 ligase. A 6-fold molar excess of insert was added to 10 fmol vector with 1 unit 

in 1 μl of ligase and 4 μl 5x T4 ligase buffer in a 20 μl reaction volume. The reaction was 

incubated at room temperature for 5 minutes and 2 μl of the product used to transform 250 μl 

of chemically competent NovaBlue E. coli cells.  

 
6.2.10 Bacterial constructs 

 
6.2.10.1 Human XPFDiD1-ERCC1 
A dicistronic expression plasmid derived from pET30b encoding full length human XPF and 

C-terminally hexa-histidine tagged ERCC1 was modified using restriction cloning to include a 

TEV cleavable double-strep tag249 at the C-terminus of ERCC1. DID1 cDNA was amplified 

from Pfa6-DID1 and the PCR product was cloned into a single Nhe1 restriction site at the C-

terminus of XPF without the addition of a linker sequence in the same vector. 
 

6.2.10.2 S. cerevisiae Dyn2 
Dyn2 was amplified from pET-24d and the PCR product and cloned into an empty, modified 

pET-14b vector containing an N-terminal, 3C protease cleavable hexa-histidine tag using 

Gibson assembly methods.  
 

6.2.11 Insect cell constructs 

 
6.2.11.1 Human XPF-ERCC1  
A pFastBac Dual vector containing full length, wild type, human XPF and ERCC1 was modified 

to include a C-terminal TEV cleavable ERCC1 dual strep-tag using restriction cloning using 

NheI and NdeI restriction enzymes.  
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6.2.11.2 Human SLX41-758 
DNA encoding SLX4 residues 1-758 were amplified from the full-length pLou3 SLX4 plasmid 

and cloned into an empty pBacPAK vector encoding an N-terminal 3C protease cleavable 

GST affinity tag using Gibson assembly methods. 

 
6.3 Protein expression 

 
Protein(s) Species Expression  Batch 1 Batch 2 Column 1 Column 2 Column 3 

Dyn2 S. cerevisiae E. coli  Ni-NTA (3C) N/A Superdex-75 N/A N/A 

SLX4-1-758 H. sapiens SF21 SII (TEV) GST (3C) HiTrap Q HP Superose-6i N/A 

XPFDiD1-
ERCC1  

H. sapiens E. coli SII (TEV) N/A HiTrap 

Heparin HP 

HiTrap Q HP Superose-

12 

XPF-
ERCC1  

H. sapiens E. coli Ni-NTA 

(imidazole) 

N/A HiTrap 

Heparin HP 

HiTrap Q HP Superdex-

200i 

XPF-
ERCC1  

H. sapiens SF21  SII (TEV) N/A HiTrap Q HP Superdex-

200i 

N/A 

DiD2 S. cerevisiae E. coli GST (TEV) N/A Superdex-75 N/A N/A 

 
Table 6.5 Protein expression overview 

 
6.3.1 Bacterial expression 

 
6.3.1.1 E. coli transformation 
0.5 μl of plasmid at 100-500 ng/μl DNA concentration was incubated with 50 μl of the E. coli 

strain BL21(DE3) pLysS (Novagen), unless otherwise stated. Cells were then transferred to a 

2mm electroporation cuvette (geneflow) and pulsed with 2.5 kV (25 μF/200 Ω) using a Biorad 

electroporator. 900 μl SOC media was added to the cells followed by incubation at 37°C for 1 

hour. Cells were then plated on agar containing the appropriate antibiotic and grown at 37°C 

for 12 hours.  

 

6.3.1.2 Protein expression 
Colonies were then selected following E. coli transformation and used to inoculate 100 ml LB 

media and the appropriate antibiotic for 12 hours at 37°C with mild shaking. Multiple strains of 

E. coli were trialled but all expression was eventually carried out in Rosetta pLysS (DE3) cells. 

Starter cultures containing 34 mg/L chloramphenicol were pelleted and used to inoculate 

multiple 1 litre expression cultures in 2 litre baffled flasks. Large cultures were grown at 37°C 

with mild shaking until log growth phase is reached at OD600nm = 0.4 using a 

spectrophotometer (Unico). Protein expression was induced by the addition of isopropyl β-S-
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1-thiogalactopyranoside (IPTG) at various concentrations and cells incubated either for 4 

hours at 37°C or 18 hours at 18°C. Following expression cells were pelleted in 1 litre centrifuge 

pots using a Beckman J26 ultracentrifuge at 4000 X g for 10 minutes prior to extraction. 

 
Protein Species Vector Media Antibiotic [IPTG] Temp °C Time 
XPFDiD1-ERCC1 Human pET-30b TB Ampicillin 0.1 mM 18°C 18 h 

XPF-ERCC1 Human pET-DUET-1 TB Kanamycin  0.1 mM 18°C 18 h 

Dyn2 S. cerevisiae  pET-14b LB Ampicillin 0.5 mM 37°C 4 h 

DiD2 S. cerevisiae pProEX HTb LB Ampicillin 0.5 mM 37°C 4 h 

 
Table 6.6 Bacterial expression conditions 

 
6.3.2 Insect cell expression 
 

6.3.2.1 Baculovirus generation 
Insect cell baculovirus transfer vectors were used to generate baculoviruses according to the 

Bac-to-Bac expression system (Thermo-Fisher). For transposition into the bacmid, 

baculovirus transfer vectors containing the Tn7 transposition cassette were incubated with 

chemically competent transformed DH10BAC E. coli cells and heat shocked as described in 

6.2.4 followed by a 5 hour incubation at 37 °C. Blue/white selection was the carried out to 

select for successfully transformed DH10BAC cells using LB-agar plates containing 50 µg/mL 

kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracycline, 100 µg/mL Bluo-gal and 40 µg/mL 

IPTG overnight at 37 °C.   

 

6.3.2.2 Bacmid isolation and purification  
A single transformed DH10BAC white colony was used to inoculate 5ml of LB media with 

appropriate antibiotics and grown overnight at 37°C. The cell pellet was treated with P1, P2 

and N3 buffers from the Qiagen spin miniprep kit according to the manufacturer’s instructions. 

Then the DNA was centrifuged at 13,000 X g for 20 minutes and the supernatant transferred 

to a fresh Eppendorf with 900 µl isopropanol. The sample was then incubated at -20°C for 20 

minutes followed by centrifugation at 13,000 X g for 15 minutes to pellet the bacmid DNA. The 

supernatant was removed without disturbing the pellet and 500 µl 70% ethanol was added to 

wash the bacmid. The 70% ethanol was removed and the pellet dried prior to the bacmid being 

re-dissolved in 20 µl dH2O. 
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6.3.2.3 Recombinant virus production  
SF21 cells were seeded at 1 x106 cells/well in a 6 well plate and left to settle for 30 minutes at 

27°C for 30 minutes. Bacmid DNA was sterilised by spinning through a 0.22 µm filter and 

500ng incubated with 2 µl of Fugene HD reagent in 100 µl of Sf-900 III media for 15 minutes. 

800 µl of media was then added to the Eppendorf containing DNA and transfection reagents. 

The media was aspirated from wells and replaced by the DNA and transfection reagent mix, 

added dropwise in the centre of the well. Cells were incubated overnight at 27°C and then 

1ml media was added containing 10 µg/ml gentamycin. Cells were incubated for a further 3 

days and supernatants collected as the P1 baculovirus sample.  

 

6.3.2.4 Insect cell culture  
SF21 cells were grown in serum-free SFIII media (Invitrogen) with 10 µg/ml gentamycin at a 

density of 1 x106 cells/ml. 250-500 ml cell cultures were grown at 27°C in 2 litre roller bottles 

at 140 rpm. Cell viability, density and diameter were determined using a Vi-CELL cell counter 

(Beckman Coulter) using Trypan blue. Cultures with a viability of 97% or higher and a cell 

diameter between 14-15 µM were used for protein expression and viral amplification.  

 

6.3.2.5 Baculovirus amplification  
Baculoviruses were amplified through the sequential infection of SF21 cell cultures. Stocks of 

P1 baculovirus were used to infect cultures at 1 x106 cells/ml at a multiplicity of infection (MOI) 

of 0.1 – 0.5. Infected cultures were then incubated for 72 hours at 27°C with shaking at 140 

rpm. The cultures were the centrifuged at 3000 X g for 15 minutes at 4°C and the supernatant 

containing baculoviruses stored in the dark at 4°C. This process was repeated multiple 

times in order to propagate the virus and passages 3-5 (P3-5) were used to induce protein 

expression.  

 

6.3.2.6 Infection overview and protein yields 
500ml cultures of SF21 cells at a density of 1 x106 cells/ml were infected with baculovirus at a 

titre between 1-8 MOI and incubated for 72 hours at 27°C with shaking at 140 rpm. XPF-

ERCC1 wild type and mutant viruses were used to infect cells at an MOI of 2. SLX41-758 virus 

was used to co-infect XPF-ERCC1 cultures at an MOI of 8. Infected cells were harvested and 

pelleted by centrifugation at 3000 X g for 15 minutes at 4°C. XPF-ERCC1 wild-type virus 

gave yields of 4 mg/L, XPF-ERCC1 mutant expression varied from 0.1 mg/L to 5 mg/L and 

SLX41-758 gave yields of 0.4 mg/L. Yields were determined using a NanoDrop 

spectrophotometer.  
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6.4 Protein purification 
 

Buffer Protein(s) Composition  
XPF-ERCC1 
Extract Buffer A 

Human XPF-ERCC1 

expressed in SF21 

and E. coli and  
XPFDiD1-ERCC1 

20 mM HEPES pH 7.8, 500 mM NaCl, 1 mM TCEP, 5 

mM imidazole, 2 mM MgCl2, 10% glycerol, 0.01% 

CHAPS, 1 mM PMSF, 1 tablet of EDTA-free 
protease-inhibitor cocktail per litre of culture, and 1 μl 

per 250 mL lysate of BaseMuncher 
Dyn2/DiD2 Extract 
Buffer 
 

Dyn2 and DiD2 20 mM Tris HCL pH 7.5, 150 mM NaCl, 50 mM 
Potassium Acetate, 2 mM Magnesium Acetate, 0.1% 

NP40, 1 mM PMSF, 0.25 tablet of EDTA-free 

protease-inhibitor cocktail per litre of culture and 1 μl 
per 250 mL lysate of BaseMuncher 

XPF-ERCC1 Nickel 
Wash Buffer 

Human XPF-ERCC1 

expressed in E. coli 

20 mM HEPES pH 7.8, 500 mM NaCl, 1 mM TCEP, 50 

mM imidazole, 2 mM MgCl2, 10% glycerol, 0.01% 
CHAPS 

XPF-ERCC1 Nickel 
Elution Buffer 

Human XPF-ERCC1 

expressed in E. coli 

20 mM HEPES pH 7.8, 500 mM NaCl, 1 mM TCEP, 

500 mM imidazole, 2 mM MgCl2, 10% glycerol, 0.01% 

CHAPS 

Dyn2/DiD2 Nickel 
Wash Buffer 

Dyn2 20 mM Tris HCL pH 7.5, 150 mM NaCl, 50 mM 

Potassium Acetate, 2 mM Magnesium Acetate, 0.1% 

NP40, 25 mM Imidazole 

XPF-ERCC1 
Working Buffer A 

Human XPF-ERCC1 
expressed in SF21 

and E. coli, XPFDiD1-

ERCC1 

20 mM HEPES pH 7.8, 150 mM NaCl, 1 mM TCEP, 0.5 
mM EDTA, 10% glycerol, 0.01% CHAPS 

High Salt XPF-
ERCC1 Working 
Buffer A 

All proteins 20 mM HEPES pH 7.8, 1 M NaCl, 1 mM TCEP, 0.5 mM 

EDTA, 10% glycerol, 0.01% CHAPS 

XPF-ERCC1 Cryo 
Buffer 

Human XPF-ERCC1 
expressed in SF21 

cells +/- DNA and 

XPFDiD1-ERCC1-
DiD2-Dyn2 

20 mM HEPES pH 7.8, 150 mM NaCl, 1 mM TCEP, 
0.01% CHAPS 

XPF-ERCC1 DNA 
Cryo Buffer 

Human XPF-ERCC1 

DNA complexes 

20 mM HEPES pH 7.8, 100 mM NaCl, 1 mM TCEP, 3 

mM CaCl2, 0.5 mM EDTA, 0.01% CHAPS 

 
Table 6.7 Protein purification buffers 
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6.4.1 Protein extraction  
E. coli pellets were resuspended in 50 ml extract buffer at 4 °C per litre of culture and SF21 

cell pellets were resuspended in 20 ml extract buffer at 4 °C per litre of culture. Cell 

membranes were lysed using a sonicator (MSE Soniprep 150) with 5 x 30 second pulses and 

a 30 second rest period between each pulse for E. coli pellets and 5x 10 second pulses with 

10 second rest periods at 4°C. Lysates were centrifuged in 250 ml aliquots at 30,000 X g for 

1 hour at 4°C to pellet insoluble cell debris and the clarified supernatant retained for batch 

purification.  

 

6.4.2 Batch purification 
Three different affinity resins were used to purify recombinant protein from cell lysates: nickel 

nitrilotriacetic acid (Ni-NTA), glutathione sepharose 4b (GST) and Strep-Tactin (SII) resin. 

GST and SII resin purification schemes were identical. 0.2 ml of resin per litre of culture 

and 1 µl per 250ml lysate of DNase BaseMuncher (Expedeon) was added to cell lysates and 

incubated for 1 hour at 4°C with mild rocking. The protein-bound resin was then separated 

from the lysate in a 30 ml Chromabond filter syringe using a vacuum pump and washed 

extensively with a minimum of 5 syringe volumes of working buffer A, with the exception of 

DiD2 and Dyn2 which were washed and re-equilibrated in DiD/Dyn2 extract buffer minus 

protease inhibitors. Resin was resuspended at a 2:1 buffer:resin ratio and recombinant 

protease was added at 100 µg/ml of resin and incubated with rocking overnight at 4°C to 

cleave and release the protein bound to the resin into the supernatant. XPFDiD1-ERCC1 was 

eluted from streptactin resin through incubation with 3mM d-desthiobiotin. The cleaved 

protein was then collected in the supernatant of the filtered resin which was washed with a 

further syringe volume of working buffer to ensure maximal protein recovery.  

 

Ni-NTA purification followed a similar protocol to that described above with an additional 

wash step following collection in the Chromabond column comprising 5 syringe volumes of 

nickel wash buffer. Constructs lacking a protease site between the hexa-histidine tag and 

the protein sequence were eluted from the Ni-NTA resin via incubation for 10 minutes with 

rocking at 4°C with nickel elution buffer. 

 

Protein eluate was passed through a 0.22 µm PES filter unit (Merck-Millipore) to remove 

large molecular weight aggregate. For samples eluted from Ni-NTA resin with 500 mM 

imidazole buffer exchanged was carried out into XPF-ERCC1 working buffer A, free of 

imidazole, using a slide-A-lyzer 2kDa cut-off dialysis cassette (Thermo-Fisher) in 2 litres of 

working buffer A overnight at 4°C. 
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6.4.3 Column purification 

Al column purification steps were carried out using the ÄKTA Pure FPLC system (GE 

Healthcare).  

 

6.4.3.1 Heparin affinity chromatography 
Heparin-sepharose chromatography was carried out using a 1ml HiTrap HP heparin column 

(GE Healthcare) at 4°C using a flowrate of 1 ml/min for sample application, washing and 

elution. Columns were first washed with 5 column volumes (CV) of high salt XPF-ERCC1 

working buffer A to remove any bound material, followed by equilibration in 5 CV of XPF-

ERCC1 working buffer A. Protein samples were loaded into a 10 ml capillary loop and injected 

onto the column. At pH 7.8 in 150 mM NaCl XPF-ERCC1 bound the heparin matrix and 

unbound material was discarded into waste. 5 CV of working buffer A were used to wash the 

sample-bound heparin column until the UV absorbance at 280nm returned to baseline. A salt 

gradient was then run from 150 mM to 1M NaCl over 10 CV eluting the sample and fractions 

were collected continually through both loading and elution. Fractions were analysed via SDS-

PAGE. Peak fractions were pooled and buffer exchanged into XPF-ERCC1 working buffer A 

as previously described and concentrated prior to further purification.  

 

6.4.3.2 Anion-exchange chromatography 
Anion-exchange chromatography was carried out using a 1ml HiTrap Q HP column (GE 

Healthcare) at 4°C using the heparin affinity chromatography protocol.  

 

6.4.3.3 Size-exclusion chromatography 
Protein was concentrated to between 100 – 500 µl using Vivaspin 20ml concentrator with the 

appropriate molecular weight cut-off prior to size-exclusion chromatography (SEC). All 

columns used had a bed diameter of 10/300 mm and all steps were carried out at 4°C. 

Columns were equilibrated with 40 ml XPF-ERCC1 working buffer A at a flowrate of 0.5 

ml/min unless the sample was for downstream cryo-EM analysis, in which case the column 

was equilibrated into XPF-ERCC1 cryo buffer. The sample as injected from a capillary loop 

onto the column and fractions collected after the void volume of 7 ml. Retention times were 

analysed by UV absorbance at 280nm and also at 260nm if the sample contained DNA. 
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6.4.4 In vitro complex assembly and stabilisation 

 

6.4.4.1 XPF-ERCC1 heterotetramer GraFix 
A 5% - 20% continuous gradient of glycerol containing 0.1% (v/v) glutaraldehyde crosslinker 

was prepared using a gradient mixer (BioComp Instruments). SEC Fractions containing 

heterotetrameric XPF-ERCC1 were concentrated to 5mg/ml and loaded onto the glycerol 

gradient. The sample was purified via density gradient ultracentrifugation at 4 °C in an SW60 

rotor for 16 hours at 38,000 rpm. The gradient was then fractionated and analysed using SDS-

PAGE. Fractions containing tetrameric XPF-ERCC1 were concentrated and purified via SEC 

using a Superdex-200i column in XPF-ERCC1 cryo buffer. 

 

6.4.4.2 XPFDiD1-ERCC1-Dyn2-DiD2 complex assembly  
XPFDiD1-ERCC1, DiD2 and Dyn2 were incubated at a 1:1:12 molar ratio for 4 hours at 4°C to 

promote complex formation. The solution was then incubated for 1 hour at 4°C with strep-

tactin resin with mild rocking. The resin wash washed in XPF-ERCC1 working buffer and 

then eluted with 3 mM d-desthiobiotin. The streptavidin tag on ERCC1 was cleaved in solution 

with TEV protease. The complex was concentrated and purified via SEC using a Superose-6 

in XPF-ERCC1 cryo buffer.  

 

6.4.4.3 XPF-ERCC1 DNA complex assembly (1)  
DNA with a modified phosphorothioate backbone (SLp DNA) was resuspended in DNA 

resuspension buffer and annealed to form a stem-loop structure. Oligos were first denatured 

by heating to 95°C for 2 minutes and then cooled to room temperature over 45 minutes.  

Heterodimeric purified SF21 produced human XPF-ERCC1 was buffer exchanged into XPF-

ERCC1 DNA cryo buffer and then incubated with SLp DNA at a 1:2 molar ratio for 1 hour at 

4°C. The complex was concentrated and purified via SEC using a Superdex 200i column. 

 

Stem loop sequence:  

CAGCG*C*T*U*G*G*TTTTTTTTTTTTTTTTTTTT*C*C*A*A*G*CGCTG 

* - Phosphorothioate  

 

6.4.4.4 XPF-ERCC1-DNA complex assembly (2) 
5’ biotin-TEG labelled DNA with a modified phosphorothioate backbone (SLpbio-DNA) 

containing a BamHI restriction site between the TEG and the first 5’ C-base was resuspended 

in DNA resuspension buffer and annealed to form a stem-loop structure. The SLpbio-DNA was 

incubated with strep-tactin resin for 1hr and then washed extensively with DNA resuspension 
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buffer. Purified dimeric human SF21 cell produced XPF-ERCC1 was incubated with the DNA-

bound strep-tactin resin for 1 hour in 1.5-fold molar excess and then washed in XPF-ERCC1 

DNA cryo buffer. XPF-ERCC1-DNA complexes were eluted from the resin by incubation 

overnight with BamHI restriction enzyme and the elution was concentrated and purified via 

SEC using a Superdex 200 increase column. 

 

SLP sequence:  

Biotin-TEG-5’GGATCCC*A*G*C*G*C*T*U*G*G*TTTTTTTTTTTTTTTTTTTT*C*C*A* 

A*G*C*G*C*T*G-3’ 

* - Phosphorothioate  
 

6.5 Protein analysis 
 
6.5.1 SDS-PAGE 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

visualise proteins by denaturation and separation by molecular weight. Protein samples were 

incubated with 4x SDS-PAGE loading buffer and denatured by heating to 98°C for 5 minutes. 

5-40 µg protein per well was loaded into a 4-12 % acrylamide pre-cast Bolt Bis-Tris Plus gels 

and run at 220 V for 20 minutes in MOPS running buffer. 1 kb plus molecular weight standards 

were run alongside the protein samples and gels were stained by incubation with QuickStain 

Coomassie (Generon) for 1 hour followed by de-staining in dH2O overnight. 

 
Buffer Composition 
SDS-PAGE running  1X MOPS SDS running buffer (Invitrogen) 

SDS-PAGE loading  SDS running buffer, 1mM DTT, 0.1% Bromophenol blue  

 
Table 6.8 SDS-PAGE buffers 

 

6.5.2 Measurement of protein concentration 
Protein concentrations were calculated based upon the absorbance at 280 nm (A280) 

measured used a Nanodrop 1000 spectrophotometer (Thermo-Fisher) using protein 

molecular weights and extinction coefficients specific for each sample.  

 

6.5.3 Size-exclusion chromatography multi-angle laser-light scattering (SEC-
MALLS) 
SEC-MALLS was used to determine the molecular weight of protein samples in solution. 
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Protein sample was injected onto a Superose 6 increase 10/300 column using an ÄKTA 

purifier system (GE Healthcare). The ÄKTA was coupled to an Optilab T-rEX (Wyatt 

Technology) that measures the differential refractive index, a DAWN HELEOS II (Wyatt 

Technology) MALLS detector and a UV-900 spectrophotometer (GE Healthcare). The data 

generated from the simultaneous measurement of elution volume and anisotropic light 

scattering enables the accurate calculation of molecular weight.  

 

The column was equilibrated in XPF-ERCC1 working buffer A and run at a flowrate of 0.8 

ml/min until the differential refractive index was stable. 100 μl protein at 1.5 – 3 mg/ml was 

injected onto the column and data collection and analysis was carried out using the Astra VI 

software package (Wyatt Technology). Peaks were manually assigned and the molecular 

weight determined using the Rayleigh-Debye-Gans theory of light scattering: 

 

𝑀𝑤 = 𝑘& '
𝐿𝑆

𝑑𝑛
𝑑𝑐 𝑎𝑝𝑝	 × 	𝑅𝐼

3 

 
Equation 1.1 

 
𝑑𝑛
𝑑𝑐 𝑎𝑝𝑝 = 𝑘4 	× 	𝐴(

𝑅𝐼
𝑈𝑉)	 

 
Equation 1.2 

 

Where Mw is the molecular weight in Da, LS is the intensity of light scattering, :;
:<
𝑎𝑝𝑝 is the 

apparent refractive index increment for protein in solution, A is the extinction coefficient, RI is 

the refractive index, UV is the absorbance at 280 nm and k1 and k2 are instrument calibration 

constants determined by using molecular weight protein standards. 

 
6.5.4 Thermal shift 
Thermal shift assays were carried out using SYPRO orange protein stain (Thermo-Fisher) 

which fluoresces when bound to hydrophobic residues at a 300-fold dilution from the 

manufacturers stock provided. Dye was mixed with 0.6 mg/ml XPF-ERCC1 in a 20 μl reaction 

volume according to the manufacturer’s instructions. XPF-ERCC1 was pre-incubated with 

a 3-fold molar excess of phosphorothioate backbone DNA. The reaction was aliquoted into 

a MicroAmp optical 96-well quantitative PCR (qPCR) plate (Thermo-Fisher). The samples 

were heated from room temperature to 98°C over 30 minutes using the Applied Biosystems 
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750 Fast qPCR machine (Thermo-Fisher) and the SYPRO-orange fluorescence at 470 nm 

excitation and 570 nm emission was measured. The fluorescence curves were analysed 

using the Protein Thermal Shift 1.3 software (Life Technologies) and the Boltzmann melting 

temperatures determined from the inflection point of the curve.  

 

6.5.5 Fluorescence polarisation  
Fluorescence polarisation (FP) was used to determine the dissociation constant (Kd) of 

fluorescently labelled SLX4 peptides binding to XPF-ERCC1. Increasing concentrations of 

SLX4 peptides were incubated with XPF-ERCC1 and the decrease in fluorescence anisotropy 

as a result of the decreased tumbling time was measured. Experiments were carried out using 

XPF-ERCC1 working buffer A in a total reaction volume of 20 μl in 384-well black, flat-

bottomed micro-titre plates. 0-40 μM XPF-ERCC1 was used and fluorescein labelled peptides 

were incubated at a 3-fold molar excess. Fluorescence anisotropy was measured at room 

temperature using a CLARIOstar plate reader (BMG labtech) with an excitation wavelength of 

482 nm and emission wavelength of 530 nm with a dichroic value 504 nm. Data was 

normalised by the subtraction of anisotropy from a protein only well and the Kd calculated using 

the equation below: 
 

𝑌 = (𝐴𝑏 − 𝐴𝑓) ×	A
𝑋

𝐾: + 𝑋
E+ 𝐴𝑓 

 
Equation 2 

 

Where Y is the total anisotropy, X is the protein concentration, Ab is the anisotropy from bound ligand, 

Af is the anisotropy from free ligand and Kd is the equilibrium dissociation constant in the units of X.   

 

 

6.5.6 Octet bio-layer interferometry  
The interaction between XPA and SLX4 derived peptides and XPF-ERCC1 was characterised 

using biolayer interferometry with the Octet QKe instrument (ForteBio). Protein-peptide 

binding was determined as a function of the shift in the interference pattern of reflected white 

light. Super Streptavidin (SSA) Biosensors (ForteBio) were first equilibrated in XPF-ERCC1 

working buffer A for 5 minutes in in 96-well black, flat-bottomed micro-titre plates and then 

strep-tagged peptides were immobilised on the tips by incubation in 500 nM peptide solution 

with shaking 1000 rpm. Peptide binding was measured as a function of biolayer thickness and 

the tips removed from the solution prior to reaching saturation to prevent sensor crowding 

effects. The sensors were then washed and re-equilibrated in peptide-free buffer for 300 



 
 
 

175 

seconds. A column of biosensors with a scrambled peptide which does not bind XPF-ERCC1 

was prepared as a negative control to check for non-specific protein binding. The peptide-

labelled sensors were then incubated with 0-25 µM XPF-ERCC1 and binding measured for 

300 sec (or until saturation was achieved). Dissociation of the complex was then measured 

by washing the sensors in buffer for 600 sec. The response curves were normalised by 

subtraction of the negative control reference and data were globally fit using a 1:1 binding 

model using the Data Analysis Software v7.1 (Forte Bio). Non-linear regression analysis was 

carried out of the binding curves in GraphPad Prism-7 and used to determine the Kd values. 

 

6.5.7 Real-time fluorescence incision assay  
Fluorescently labelled stem loop (SLF) DNA substrates, containing a 5′ 6-FAM fluorophore and 

3′-BHQ1 quench were purified via SEC using a Superdex-200 increase column in XPF-

ERCC1 activity assay buffer. The purified substrates were then annealed by heating to 95°C 

for 1 min followed by cooling to 4°C and dispensed into the assay plate. Reactions were 

carried out in 384-well black, flat-bottomed micro-titre plates. Purified XE was buffer 

exchanged into assay buffer and 5nM added to each in a total volume of 20 µl to initiate the 

endonuclease reaction. Fluorescence measurements were carried out using the CLARIOstar 

plate reader using an excitation wavelength of 483 nm and an emission wavelength of 525nm. 

60 readings were collected at 30s intervals and the linear response range for each substrate 

was used to determine the change in fluorescence/time. Rate vs substrate concentration 

graphs were plotted in GraphPad Prism7 and non-linear regression analysis calculated using 

the Michaelis–Menten equation used to determine the kinetic parameters. Experimental 

product release was quantified by plotting the relative fluorescence units (RFU) produced by 

known amounts of the cleavage products against their concentration to generate a standard 

curve.   
 
SLF sequence: 6-FAM-5’-CAGCGCTUGGTTTTTTTTTTTTTTTTTTTTCCAAGCGCTG-3’-BHQ1 

Cleavage product #1: 6-FAM-5’-CAGCGCTC 3’ 

Cleavage product #2: GGTTTTTTTTTTTTTTTTTTTTCCGAGCGCTG-3′-BHQ1  
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6.5.8 Western blotting 
 

Buffer Composition 
Transfer Buffer   25mM Tris, pH 8.3, 190mM glycine, 20% methanol, 0.1% SDS 

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

Blocking Buffer TBST + 4% BSA (Thermo-Fisher) 

 
Table 6.9 Western blot buffers 

 

Protein samples were separated by SDS-PAGE as described in 6.5.1 and then transferred to 

a PVDF membrane via wet transfer. PVDF membrane was activated by incubation with 

methanol for 1 minute, washed in transfer buffer and assembled into a sandwich as follows: 

cathode, filter paper, gel, membrane, filter paper, sponge, anode using the transfer cassette 

(biorad). The cassette was placed in the transfer tank (Biorad) and transferred overnight at a 

constant current of 10 mA at 4°C. Following transfer the PVDF membrane was blocked in 

blocking buffer at room temperature for 1 hour then incubated at the appropriate dilution of 

antibody for 2 hours at room temperature. Anti-ERCC1 and anti-XPF were used at 1/1000 

dilution in blocking buffer and anti-SLX4 was used at 1/250 dilution. The blot was then 

washed 3 times for 5 minutes in TBST and goat, horseradish peroxidase (HRP) conjugated 

anti-mouse secondary antibody (Abcam) applied at 1/10,000 dilution in TBST for 2 hours 

at room temperature. The membranes were again washed 3 times for 5 minutes in TBST 

and the chemiluminescent signal imaged using photographic film (Thermo-Fisher). 

 
6.6 Negative stain electron microscopy  
 
6.6.1 Negative stain grid preparation and imaging 
To prepare negatively stained grids, 2 μl sample was applied to glow-discharged (PELCO 

EasiGlow) quantifoil 1.2/1.3 μM grids (Quantifoil Microtool GmBH) coated with a thin layer 

of carbon and stained with 2% (w/v) uranyl acetate (Agar Scientific). Grids were imaged 

using a Tecnai T12 Spirit (FEI) electron microscope operated at 120 kV and images 

collected at a defocus of –1 μm with an Orius SC 2000 x 2000 CCD (Gatan) at 42,000 x 

magnification with a pixel size of 2.46 Å/pixel. Grids were also imaged using a Tecnai T20 

electron microscope and imaged at a magnification of 42,000× using a Tietz F416 4K × 4K 

CCD detector with a pixel size of 1.732 Å.  
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6.6.2 Single-Particle Analysis 
 
6.6.2.1 XPFDiD1-ERCC1-Dyn2-DiD2  
15,834 particles were picked manually using the boxer programme from Eman-2250 with a 

box size of 202 × 202 pixels. The particle stack was high-pass filtered below 250 Å, masked 

with a circle of radius of 335 Å, normalized to zero mean and standard deviation of 1.5 in 

IMAGIC-5251, and low-pass filtered above 15 Å in SPIDER252. Particles were centred and 

binned by a factor of 2 prior to reference-free class averaging using the Iterative Stable 

Alignment and Clustering (ISAC) procedure253 in Eman-2. An initial 3D structure was 

calculated from these classes using Euler angles assigned with reference to a previous DiD1-

Dyn2-DiD2 map, filtered to 60Å, that was calculated in Relion-1254. The initial 3D structure was 

refined through multiple rounds of iterative multivariate statistical analysis and multi-

reference alignment in SPIDER followed by Euler angular assignment through projection 

matching in IMAGIC. During each round of refinement, only particles with β Euler angles 

between 88-92° were included and 3D reconstructions were created using icr3d255 from 7431 

particles. A final refinement yielded a reconstruction at 25.6 Å resolution. 

 

6.6.2.2 XPF-ERCC1  
All processing was carried out using Relion-2229 unless otherwise stated. 2822 particles 

were manually picked, extracted and normalised using a box size of 140 x 140 pixels. These 

particles were classified in 2D using a mask diameter of 150 Å for 25 iterations and an in-

plane angular sampling interval of 5°. 8 representative classes were selected as templates for 

auto-picking. 227,196 particles were extracted using the autopicked coordinates and the 

particle stack was subsequently cleaned through multiple rounds of 2D classification using the 

parameters previously mentioned. The resulting 178,223 particles were classified into five 3D 

classes using the 25.6 Å negative-stain reconstruction of XPF-ERCC1 obtained from the 

XPFDiD1-ERCC1-Dyn2-DiD2 analysis, filtered to 60 Å, as an initial model. All 3D classification 

jobs were run for 50 iterations at an angular sampling interval of 7.5°. After three rounds of 

3D classification and selection, 99,862 particles belonging to the most well resolved class 

averages were carried forward for further refinement. The auto-refine procedure in Relion-

2.1229 resulted in a 19.4 Å resolution reconstruction of XPF-ERCC1 using the gold-standard 

FSC at a cut-off of 0.143218. 

 

6.6.2.3 XPF-ERCC1-DNA 
XPF-ERCC1-DNA micrographs were processed as previously described for XPF-ERCC1 in 

the absence of DNA. 32,123 particle images were classified in 2D following picking, extraction 
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and particle sorting. 3D classification identified one dominant conformer which was refined to 

20.2 Å resolution. 

 

6.6.2.4 XPF-ERCC1 heterotetramer 
Micrographs were processed as previously described for XPF-ERCC1 in the absence of DNA. 

61,121 particle images were classified in 2D following picking, extraction and particle sorting. 

3D classification identified multiple conformers present. Sub-classification yielded multiple 3D 

reconstructions that ranged from 22 – 28 Å resolution. 
 

6.6.3 Domain modelling  
 
6.6.3.1 XPF-ERCC1 domain architecture  
The integrative modelling platform pipeline was used to determine the domain architecture of 

human XPF-ERCC1226. The crystallographic structures of the central domain of human 

ERCC1179 and the nuclease domain of the XPF homolog from Aeropyrum pernix163 (2BGW), 

in addition to the solution structure of the C-terminal domain of ERCC1 in complex with the C-

terminal domain of XPF were selected for modelling. We increased the structural coverage of 

the complex by generating homology models using the Phyre2223 protein fold recognition 

server for the XPF RecA1 (residues 1-206), helical-like (residues 212-360) and RecA2 

domains (residues 380-426 and 541-620). Sequence segments without a template structure 

in XPF included the RecA1 to helical-like domain linker (residues 207-212), the helical-like to 

RecA2 linker (residues 360-380) and the internal RecA2 domain loop (residues 427-540) and 

in ERCC1 include the N-terminal region (residues 1-98). The XPF RecA1, helical-like, RecA2 

and nuclease domains in addition to the ERCC1 central domain were specified as rigid bodies. 

The tandem C-terminal domains of XPF and ERCC1 were not included as rigid bodies as their 

placement within the EM map was known from the DiD label connectivity. Sequences without 

a structural model were represented as a flexible string of beads corresponding to 20 residues 

each.  

 

The MC sampling parameters were set at 20,000 frames with 15 steps per frame. The rigid 

body movement parameters were set at a translational maximum of 10 Å and a rotational 

maximum of 0.1 radians per MC step. The excluded volume restraint was calculated at 30 

residues per bead. Mass spectrometry data was incorporated into the modelling as a 

constraint that placed the Cα – Cα distance of crosslinked residues at 28 Å and All flexible 

beads were initially optimised for 10 Monte Carlo steps, keeping the rigid body fixed in space. 

A Gaussian mixture model (GMM), generated from the XPF-ERCC1 full-length human 
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electron microscopy map with 50 Gaussians, was used to calculate the EM score by 

comparison with GMMs for each rigid body component, calculated automatically in the 

topology file. All information assembled was encoded into the Bayesian scoring function256. A 

clustering script was then run, using a total of 3 clusters analysing the best 20 models, to 

determine the top scoring models, extract coordinates, run k-means clustering and create 

localisation densities. Post clustering analysis was then performed to determine cluster 

precision, accuracy and sampling exhaustiveness. The highest scoring model was visually 

inspected in PyMol and the placement of domains was manually optimised in Chimera221 to 

agree with biochemical data not included in the modelling process.  

 
6.7 Cryo-electron microscopy 

 
6.7.1 XPF-ERCC1 cryo-EM grid preparation 
For cryo-EM analysis purified protein was applied to glow-discharged grids which were then 

blotted and plunge frozen into liquid ethane using a FEI Vitrobot MK IV at 100 % humidity. 

 
Sample Concentration 

(mg/ml) 
Grid 
(Quantifoil) 

Support Mesh  Glow 
Discharge 

Blot 
Time (s) 

XPF-ERCC1 1.5 R1.2/1.3 None 400 45 s, 45 mA 4  

XPF-ERCC1Labelled  0.1 R1.2/1.3 Carbon 200 90 s, 20 mA 4  

XPF-ERCC1-DNA 1.5 R1.2/1.3 None 300 45 s, 50 mA 4 

XPF-ERCC1 Tetramer 0.75 R2/2 None 300 45 s, 40 mA 5 

 
Table 6.10 Cryo-EM grids 

 

6.7.2 Grid screening 
The 626 cryoholder (FEI) was cooled to -190°C in the cryo transfer station (FEI). The grid was 

then loaded in the cryoholder and clip ring placed on top of the grid. The holder was then 

inserted into the Tecnai T12 electron microscope and when the column pressure IGP1 

stabilised below 20 Log the tungsten filament was switched on. The column valves were 

opened when the filament was fully ramped up and the specimen imaged using the Orius SC 

2000 x 2000 CCD (Gatan). Samples were left to settle for 30 minutes prior to imaging at 

magnification > 20,000 x to minimise specimen drift. The Low Dose (FEI) software was 

used to acquire high magnification cryo-EM images at a defocus range from 2-4.5 μm. 

Alignments were taken from previous servicing engineer calibrations.  
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6.7.3 Data collection 
Cryo-EM grids were loaded onto an FEI Titan Krios transmission electron microscope and 

imaged using the conditions described below. The K2 Summit direct electron detector 

camera (Gatan) was mounted behind a GIF Quantum energy filter operating in zero-loss 

mode with a slit width of 20 eV and all data was collected in integration mode. 

 
Sample Voltage 

(Kv) 
Pixel 
Size (Å) 

Detector  Total Dose 
(e-/Å2) 

Defocus 
Range (µm) 

Number 
Movies 

XPF-ERCC1 300 1.38 K2 63 1-4 15,315 

XPF-ERCC1-DNA 300 1.38 K2 63 1-3.5 8965 

XPF-ERCC1 Tetramer 300 1.09 Falcon III 51 0.8-2.8 4412 

XPF-ERCC1Labelled 300 1.077 K2 69.6 1.5-4 1732 

 
Table 6.11 Cryo-EM data collection parameters 

 

6.7.4 Image processing 
Movie frames were corrected for motion using MotionCor2, and contrast transfer function was 

estimated using CTFfind4.1 within Scipion1.2. All resolutions reported here were determined 

by Fourier Shell Correlation (at FSC = 0.5) based on the ‘gold-standard’ protocol using a 

soft mask around the complex density. To avoid over-masking, the masked maps were 

visually inspected to exclude the possibility of the clipping of electron densities. Additionally, 

the occurrence of over-masking was monitored by inspecting the shapes of FSC curves. 

Furthermore, the shapes of the FSC curves of phase-randomized half-datasets with the 

applied mask were checked. Local resolution was calculated using Blocres within 

CryoSPARC-2. For visualisation, maps were sharpened by applying a local-resolution 

weighted negative B factor using the local filtering function of CryoSPARC-2.  

 

6.7.4.1 2D classification  
2D classification was carried out in both cryoSPARC-2 and both Relion-2 and 3229. The 

majority of the parameters used in cryoSPARC-2 were left as default with only the number of 

classes and circular mask diameter user assigned. The parameters for a typical run can be 

seen in figure 6.1. Similarly, in Relion2 and 3229 the default parameters were used and number 

of classes and mask diameter selected by the user. The input command for a typical run is 

seen below: 
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--continue Class2D/job002/run_it000_optimiser.star --o Class2D/job014/run_ct0  

--dont_combine_weights_via_disc --no_parallel_disc_io --preread_images   

--pool 10 --pad 2  --iter 25 --tau2_fudge 2 --particle_diameter 200 --oversampling 1  

--psi_step 12 --offset_range 5 --offset_step 2 --j 4 --gpu "0,1" --angpix 2.18 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1 Representative 2D classification input cryoSPARC-2 

 

6.7.4.2 3D classification 
3D classification was carried out in both cryoSPARC-2 and both Relion-2 and 3229. The 

number of classes user assigned. The parameters for a typical run can be seen in figure 6.2. 

Similarly, in Relion2 and 3229 the default parameters were used and number of classes 

selected by the user and the input command for a typical run can be seen below: 

 

--continue Class3D/job019/run_ct2_it018_optimiser.star  

--o Class3D/job019/run_ct18 --dont_combine_weights_via_disc --preread_images   

--pool 3 --pad 2  --iter 25 --tau2_fudge 4 --particle_diameter 200 --oversampling 1  

--healpix_order 2 --offset_range 5 --offset_step 2 --j 8 --gpu "0,1" --angpix 2.18 
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Figure 6.2 Representative 3D classification input cryoSPARC-2 

 

 
6.7.4.3 3D refinement  
3D refinement was carried out in both cryoSPARC-2 and both Relion-2 and 3229 using default 

parameters. The input for a typical run can be seen in figure 6.3. Similarly, in Relion2 and 3229 

the default parameters were used and the input command for a typical run can be seen below: 

 

--continue Refine3D/job177/run_ct16_it017_optimiser.star  

–o Refine3D/job270/run_ct17 --dont_combine_weights_via_disc --no_parallel_disc_io  

--pool 8 --pad 2  --particle_diameter 130  

--solvent_mask ../../cryosparc2/outputdata/jonesm2_test/J442/cryosparc_P5_J442_ 

007_volume_mask_refine.mrc --j 16 --gpu "0,1"  

 

 
Figure 6.3 Representative 3D refinement input cryoSPARC-2 
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6.7.4.4 XPF-ERCC1 DNA-free 
The total number of movies collected across three collections was 15,315, of which 14,453 

were used. 200 micrographs were selected from the first collection from which 82,412 particles 

were picked using Xmipp3222 semi-automated picking and extracted using Relion-3229. The 

particles were sorted using Xmipp3222 screen particles followed by three rounds of reference-

free 2D classification in CryoSPARC-2. A subset of six 2D classes were selected that 

represented different views of the molecule and used as templates for reference-based 

particle picking using Gautomatch on the full dataset. This approach yielded 396,106, 

1,201,881 and 2,391,900 particles for collections one, two and three respectively. The 

particles were extracted and binned two-fold using Relion-3229, sorted using Xmipp222 screen 

particles and then submitted for three rounds of reference-free 2D classification in 

CryoSPARC-2. This reduced the particle numbers to 151,412, 390,007 and 1,074,111 

particles for collections one, two and three respectively.  

 

Four initial models were generated using the ab initio reconstruction program in CryoSPARC-

2 and were used as references for 3D classification using heterogeneous refinement in 

CryoSPARC-2. Multiple rounds of heterogeneous refinement yielded 44,312, 126,492 and 

390,712 particles in well-defined classes for collections one, two and three respectively. All 

561,516 particles from the three collections were re-extracted in an un-binned 200 x 200-pixel 

box using Relion-3229 and csparc2star and then merged. The data then underwent 3D 

classification without alignment in Relion-3229 to identify the most stable, high-resolution class. 

The two classes that displayed the highest-resolution features, comprising 405,339 particles, 

were refined to 4.14 Å resolution in CryoSPARC-2 using non-uniform refinement. Per-particle 

motion corrected was carried out using Bayesian polishing in Relion-3229. The shiny, polished 

particles were then refined to 3.95 Å resolution in CryoSPARC-2 using non-uniform 

refinement.  

 

Inspection of the 3.95 Å resolution map rendered by local resolution in Chimera221 identified 

the tandem helix-hairpin-helix domain as the lowest resolution region of the map, suggesting 

it is a mobile element. A mask which excluded the low-resolution hairpin region was generated 

in Chimera221 and using the particle subtraction tool in CryoSPARC-2 the portion of the particle 

images aligning to the hairpin density in the map was removed. Non-uniform local refinement 

in CryoSPARC-2 was performed on the subtracted particles, re-aligning them to the masked 

reference volume, leading to a reconstruction at 3.59 Å resolution which excluded the hairpin 

portion of the 3.95 Å map. 
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6.7.4.5 XPF-ERCC1 DNA-bound complex 
Motion correction and CTF estimation was performed as previously described for the XPF-

ERCC1 data collections. 7982 micrographs were manually selected for processing. Particle 

picking was carried out as described for the XPF-ERCC1 data collections. 3,432,565 particles 

were extracted and sorted using Xmipp3222 screen particles and then submitted for six rounds 

of reference-free 2D classification in CryoSPARC-2. 688,821 particles were used to generate 

4 ab initio reconstructions which were then used as references for 3D classification using 

heterogeneous refinement in CryoSPARC-2. Multiple rounds of heterogeneous refinement 

were carried out yielding one well-ordered reconstruction comprising 198,212 particle images. 

This class was refined to 7.9 Å resolution using non-uniform refinement in CryoSPARC-2. A 

mask was generated using UCSF Chimera221 that excluded both the DNA and hairpin domain 

density which was used to carry out masked refinement improving the resolution of the sub-

volume to 7.1 Å. 

 

6.7.4.6 XPF-ERCC1-DiD1-Dyn2-DiD2  
Motion correction and CTF estimation was performed as previously described for the XPF-

ERCC1 human data collections. Aligned movie frames were inspected manually to remove 

thick and crystalline ice reducing the total number of useable images to 1347. 46,312 particles 

were manually picked in Relion-2229 and subjected to six rounds of 2D classification. A 

previously calculated 3D map of the DiD1-Dyn2-DiD2 tail from negative stain was used as an 

initial model for 3D classification in Relion-2229. The highest resolution 3D class following two 

rounds of 3D classification comprising 14.412 particles was selected for the auto-refinement 

procedure in Relion-2229. The map was refined to 14.7 Å resolution.   

 

6.7.4.7 XPF-ERCC1 heterotetramer 
Motion correction and CTF estimation was performed as previously described for the XPF-

ERCC1 human data collections. Aligned movie frames were inspected manually to remove 

thick and crystalline ice reducing the total number of useable images to 4296. 1,254,596 

particles were extracted and submitted for 3 rounds of 2D classification in cryoSPARC-2. 

584,312 particles were selected that either displayed high-resolution features or represented 

molecular views previously seen in negative stain. Ab-initio reconstruction was used to create 

3x 3D reference models for 3D classification using heterogeneous refinement. 3 rounds of 

heterogeneous refinement were carried out selecting for classes that represented the 

tetrameric volume with contiguous density. 2 dominant conformers were identified and 

individually refined to 14.1 and 15.7 Å resolution. The reconstruction at 14.1 Å was selected 

for further processing as it had a pseudo 2-fold symmetry axis that could be used to mask a 
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single XPF-ERCC1 protomer facilitating focussed refinement. User generated masks were 

created in UCSF Chimera221 that were guided by map segmentation and used to refine the 

individual heterodimeric units that comprise the heterotetramer. This improved the resolution 

of each lobe to 6.6 and 7.2 Å resolution which permitted the rigid body docking of XPF-ERCC1 

domains.  
 

6.7.5 Model building 
 
6.7.5.1 XPF-ERCC1 human 
The crystal structures of the ERCC1 nuclease-like domain (NLD) (PDB code: 2A1I) and the 

tandem helix-hairpin-helix domains comprising XPF and ERCC1 chains (PDB code: 2A1J) 

were rigid body fitted into the locally-filtered and sharpened map obtained at 3.95 Å 

resolution. Homology models were generated for the XPF RecA1, helical, RecA2 and 

nuclease domains using Phyre2 and rigid body fit into the map using the same procedure. The 

gross conformations of the fitted domains were then optimised to fit the density using FlexEM 

prior to refinement in PHENIX234 real-space refinement whilst imposing secondary structural 

and geometric restraints prevent overfitting. The model backbone was then manually 

refined in COOT232 followed by the residue side-chains considering the chemical properties 

and environment. Un-modelled linkers were built manually and the N-terminal portion of the 

XPF nuclease domain homology model was rebuilt in COOT232. The final atomic model was 

evaluated using MolProbity257. 

 

6.7.5.2 XPF-ERCC1-DNA 
Individual domains of XPF-ERCC1 were taken from the DNA-free structure and fit into the 

DNA-bound map density as rigid bodies using the UCSF Chimera221 fit-in-map tool. The 

nuclease domain dimer of the A. pernix XPF homolog (PDB:2BGW) was fit into the DNA-

bound map density and the subsequent position of the DNA-bound A. pernix hairpins used as 

a reference to align the human hairpin domain using MatchMaker in UCSF Chimera221. The 

DNA from the A. pernix structure was reduced to a 10 base-pair duplex and modelled into the 

map whilst preserving the hairpin domain-DNA contacts. The ds-RNA bound structure of 

MDA5 was fit into the DNA-bound map density and the helical domain of XPF was aligned to 

the homologous domain in MDA5 and the fit to map optimised, this required the deletion of 

alpha helix 17.  
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6.7.5.3 XPF-ERCC1-DNA-TFIIH-XPA complex model building 
The XPF-ERCC1-DNA structure was aligned to the TFIIH-DNA-XPA structure through 

structural super-imposition and alignment with the 2 DNA molecules from each structure. The 

ds/ss DNA junction was defined by the high-resolution DNA structure in the TFIIH-XPA 

complex and demarcated by the position of the XPA β-hairpin. 

 

6.7.5.4 XPF-ERCC1 tetramer 
The conformational flexibility observed for the XPF-ERCC1 tetrameric sample made the 

modelling of domains challenging. The highest resolution reconstructions obtained via 

focussed refinement at 6.6 and 7.2 Å resolution were used to rigid body dock individual 

domains using Chimera221 fit-in-map, however. This domain arrangement is likely to be 

different in the ensemble of conformational states adopted. 
 

6.8 Cross-linking mass spectrometry  
 

Mass Spectrometry Buffers Composition 
MS Loading Buffer 2% acetonitrile and 0.05 % trifluoroacetic acid 

MS Mobile A 0.1 % formic acid, 5% dimethyl sulfoxide  

MS Mobile B  0.1 % formic acid, 75 % MeCN, 5% DMSO 

 
Table 6.12 Mass spectrometry buffers 

 

6.8.1 Sample preparation and aggregate removal 
100 µg XPF-ERCC1 heterodimer at a concentration of 1mg/mL in 20mM HEPES, pH 7.8, 10% 

Glycerol, 0.01% CHAPS, 150mM NaCl, 1mM TCEP, 0.5mM EDTA was cross-linked using 

1mM disuccinimidyl sulfoxide (DSSO) (Thermo-Fisher) with mild shaking for 30 minutes at 37 

degrees Celsius. The reaction was quenched using a final concentration of 50mM ammonium 

bicarbonate for a further 20 minutes at 37 degrees Celsius. To remove potential aggregates, 

gradient ultracentrifugation was employed using a 5-30% Glycerol gradient in 20mM Hepes, 

150mM NaCl, mixed using a Gradient Master (BioComp), and centrifuged for 16 hours at 4 

degrees Celsius at 40,000 RPM using a SW 55 Ti Rotor (Beckman Coulter)258.  
 

6.8.2 alkylation, reduction and proteolysis 
100µL fractions were collected and silver stained to identify fractions containing cross-linked 

non-aggregated XPF-ERCC1. Fractions containing cross-linked proteins were then pooled 

and buffer exchanged into 8M urea using a Vivaspin 500, 30,000 molecular weight cut off 
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(MWCO) PES filter (Sartorius, VS0122). Cysteine reduction was carried out using 2.5 mM 

TCEP for 30 min at 37 degrees Celsius and alkylated in the dark using 5 mM iodoacetamide 

at room temperature. The urea was then buffer exchanged for 50 mM ammonium bicarbonate 

and proteins were proteolysed using trypsin (Promega) at 1:50 w/w trypsin:protein overnight 

at 37 degrees Celsius. The solution was acidified using 2% formic acid and peptides were the 

spun through the MWCO filter and desalted using in house-built STAGE tips made using 

Empore SPE C18 disks (3M, 66883-U). The eluent was then dried to completion.  
 

6.8.3 Liquid chromatography mass spectrometry 
Peptides were reconstituted in 0.1% trifluoroacetic acid (TFA) and chromatographically 

resolved using an Ultimate 3000 RSLCnano (Dionex) HPLC. Peptides were first loaded onto 

an Acclaim PepMap 100 C18, 3 µm particle size, 100Å pore size, 20 mm x 75 µm ID (Thermo 

Scientific, 164535) trap column using a loading buffer (2% acetonitrile (MeCN) and 0.05 % 

TFA in 97.05 % H2O) with a flow rate of 7 µL/minute. Chromatographic separation was 

achieved using an EASY-Spray column, PepMap C18, 2 µm particles, 100 Å pore size, 500 

mm x 75 µm ID (Thermo Scientific, ES803). The gradient utilised a flow of 0.3 µL/minute, 

starting at 98 % mobile A (0.1 % formic acid, 5% dimethyl sulfoxide (DMSO) in H2O) and 2 % 

mobile B (0.1 % formic acid, 75 % MeCN, 5% DMSO and 19.9 % H2O). After 6 minutes, 

mobile B was increased to 30 % over 69 minutes, to 45 % over 30 minutes, further increased 

to 90 % in 16 minutes and held for 4 minutes. Finally, Mobile B is reduced back to 5 % over 1 

minute for the rest of the acquisition.  
 

6.8.4 MS1 
Data was acquired in real time over 140 minutes using an Orbitrap Fusion Lumos Tribrid mass 

spectrometer in positive, top speed mode with a cycle time of 5 seconds. The chromatogram 

(MS1) was captured using 60,000 resolution, a scan range of 375-1500 with a 50-millisecond 

maximum injection time, and 4e5 AGC target.  
 

6.8.5 MS2 
Dynamic exclusion with repeat count 2, exclusion duration of 30s, 20 ppm tolerance window 

was used, along with isotope exclusion, a minimum intensity exclusion of 2e4, charge state 

inclusion of 3-8 ions and peptide mono isotopic precursor selection. Precursors within a 1.6 

m/z isolation window were then fragmented using 25% normalised CID, 100ms maximum 

injection time and 5e4 AGC target. Scans were recorded using 30,000 resolution in centroid 

mode, with a scan range of 120 – 2000 m/z.  
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6.8.6 MS3 
Spectra containing peaks with a mass difference of 31.9721 Da were further fragmented with 

a 30% normalised higher collision induced dissociation, using a 2 m/z isolation window, 150 

ms maximum injection time and 2e4 AGC target. 4 scans were recorded using an ion trap 

detection in rapid mode starting at 120 m/z. 

 

6.8.7 XLMS data analysis 
Data processing was carried out using Proteome Discoverer Version 2.2 (Thermo Scientific) 

with the XlinkX node. The acquisition strategy was set to MS2_MS3 mode224,259. The database 

comprised solely of the specific XPF and ERCC1 sequences. Trypsin was selected as the 

proteolytic enzyme allowing up to two missed cleavages with a minimal peptide length of five 

residues. Masses considered were in the range of 300-10000 Da. The precursor mass 

tolerance, FTMS fragment mass tolerance, and ITMS Fragment Mass Tolerance were set to 

10 ppm, 20 ppm and 0.02 Da respectively. A static carbamidomethyl (+57.021 Da) 

modification was utilised for cysteine residues, with additional dynamic modifications 

considered including; amidated and hydrolysed DSSO (+142.050 Da and +176.014 Da, 

respectively) on lysine serine and threonine residues, oxidation (+15.995 Da) on methionine 

residues, and protein N-terminal acetylation (+42.011 Da). The FDR threshold was set to one 

with the strategy set to simple. The list of reported cross-linked spectral matches were 

manually examined and cross-links with spectra that did not contain acceptable b and y ion 

coverage were excluded. The reduced list was exported to crosslinkviewer.org in order to 

graphically view the cross-links. 
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Chapter 7  
Appendix  
 
7.1 Crosslinking mass-spectrometry data 
 
Id Score Prot1 PP1 PSeq1 LP1 Prot2 PP2 PSeq2 LP2 
3 50.8 XPF 455 KEDSSKR 1 XPF 478 ASTKER 4 
5 37.34 XPF 438 KTFEKDSK 5 XPF 478 ASTKER 4 
6 30.83 XPF 596 ASRPGKPLR 6 XPF 478 ASTKER 4 
7 154.38 ERCC1 235 VTECLTTVKSVNK 9 XPF 283 SLVQDLKILR 7 
9 108.99 XPF 438 KTFEKDSKAEEVWMK 5 XPF 365 EGEETKKELVLESNPK 6 
13 25.47 XPF 471 DPQNKER 5 XPF 464 KSHKRPK 4 
15 36.47 ERCC1 235 VTECLTTVKSVNK 9 XPF 478 ASTKER 4 
17 40.04 XPF 625 KEKEAFEK 3 XPF 468 RPKDPQNKER 8 
18 35.51 XPF 468 RPKDPQNK 3 XPF 626 EKEAFEK 2 
19 31.84 XPF 596 ASRPGKPLR 6 XPF 471 DPQNKER 5 
24 81.88 XPF 357 ISEKMEIK 4 XPF 478 ASTKER 4 
25 40 XPF 361 MEIKEGEETKK 4 XPF 354 KEKISEK 3 
26 36.47 XPF 371 KELVLESNPK 1 XPF 455 KEDSSK 1 
27 43.77 XPF 357 ISEKMEIK 4 XPF 456 EDSSKR 5 
28 81.46 XPF 355 EKISEKMEIK 6 XPF 365 EGEETKKELVLESNPK 6 
31 65.29 XPF 343 VYHLPDAKMSK 8 XPF 455 KEDSSKR 1 
32 52.59 XPF 855 MPGVNAKNCR 7 XPF 865 SLMHHVK 1 
35 40.2 XPF 343 VYHLPDAKMSKK 8 XPF 455 KEDSSKR 6 
36 29.69 XPF 343 VYHLPDAKMSK 8 XPF 455 KEDSSKR 5 
37 36.47 XPF 365 EGEETKKELVLESNPK 6 XPF 355 EKISEKMEIK 2 
40 62.69 XPF 343 VYHLPDAKMSKK 8 XPF 361 MEIKEGEETKKELVLESNPK 10 
41 25.08 XPF 443 DSKAEEVWMK 3 XPF 455 KEDSSKR 1 
42 49.03 XPF 357 ISEKMEIK 4 XPF 438 KTFEKDSKAEEVWMK 5 
43 17.1 XPF 365 EGEETKKELVLESNPK 6 XPF 456 EDSSKR 5 
44 39.97 XPF 443 DSKAEEVWMK 3 XPF 455 KEDSSKR 5 
45 81.52 XPF 365 EGEETKKELVLESNPK 7 XPF 438 KTFEKDSK 5 
46 33.32 ERCC1 235 VTECLTTVKSVNK 9 XPF 471 DPQNKER 5 
47 51.84 XPF 343 VYHLPDAKMSK 8 XPF 471 DPQNKER 5 
48 23.75 XPF 343 VYHLPDAKMSK 10 XPF 471 DPQNKER 5 
50 102.4 XPF 343 VYHLPDAKMSKK 8 XPF 354 KEKISEK 3 
51 42.47 XPF 371 KELVLESNPK 1 XPF 354 KEKISEKMEIK 3 
53 46.46 XPF 626 EKEAFEK 2 ERCC1 1 MDPGKDKEGVPQPSGPPA

R 
5 

54 32.66 XPF 439 TFEKDSKAEEVWMK 7 XPF 478 ASTKER 4 
56 25.17 XPF 438 KTFEKDSK 1 XPF 365 EGEETKKELVLESNPK 6 
57 76.72 XPF 443 DSKAEEVWMK 3 XPF 365 EGEETKKELVLESNPK 6 
59 73.97 XPF 446 AEEVWMKFR 7 XPF 455 KEDSSKR 1 
62 113.08 XPF 343 VYHLPDAKMSK 8 XPF 361 MEIKEGEETKK 4 
63 39.97 XPF 636 EKASMVVPEER 2 XPF 626 EKEAFEK 2 
65 131.65 XPF 361 MEIKEGEETK 4 XPF 371 KELVLESNPK 1 
66 36.56 XPF 443 DSKAEEVWMK 3 XPF 355 EKISEK 2 
68 60.96 XPF 855 MPGVNAKNCR 7 ERCC1 1 MDPGKDKEGVPQPSGPPA

R 
5 

69 34.81 XPF 361 MEIKEGEETKK 4 XPF 443 DSKAEEVWMK 3 
71 78.53 XPF 443 DSKAEEVWMK 3 XPF 438 KTFEK 1 
74 92.19 XPF 343 VYHLPDAKMSKK 8 XPF 365 EGEETKKELVLESNPK 7 
75 33.41 XPF 446 AEEVWMKFR 7 XPF 455 KEDSSKR 5 
76 74.85 XPF 365 EGEETKKELVLESNPK 7 XPF 357 ISEKMEIKEGEETK 4 
77 103.29 XPF 343 VYHLPDAKMSKK 8 XPF 355 EKISEKMEIK 6 
78 58.98 XPF 343 VYHLPDAKMSKK 10 XPF 355 EKISEKMEIK 6 
79 57.99 XPF 446 AEEVWMKFR 7 XPF 478 ASTKER 4 
83 114.28 XPF 446 AEEVWMKFR 7 XPF 365 EGEETKKELVLESNPK 6 
84 77.06 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 ERCC1 235 VTECLTTVKSVNK 9 
85 11.44 XPF 365 EGEETKKELVLESNPK 6 XPF 343 VYHLPDAKMSK 10 
86 27.1 XPF 446 AEEVWMKFR 7 XPF 455 KEDSSKR 6 
88 88.63 ERCC1 235 VTECLTTVKSVNK 9 XPF 281 TKSLVQDLK 2 
89 34.1 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 XPF 636 EKASMVVPEER 2 
90 54.44 XPF 446 AEEVWMKFR 7 XPF 438 KTFEKDSK 5 
91 41.28 XPF 446 AEEVWMKFR 7 XPF 471 DPQNKER 5 
93 41.5 ERCC1 157 LQSLGKNFALR 6 XPF 855 MPGVNAKNCR 7 
95 77.75 ERCC1 214 AYEQKPADLLMEKLEQDFVS

R 
5 XPF 855 MPGVNAKNCR 7 

96 61.32 XPF 443 DSKAEEVWMK 3 XPF 357 ISEKMEIK 4 
97 65.83 XPF 443 DSKAEEVWMKFR 10 XPF 438 KTFEK 1 
98 138.75 XPF 439 TFEKDSKAEEVWMK 7 XPF 371 KELVLESNPK 1 
99 62.26 ERCC1 109 GNPVLKFVR 6 XPF 626 EKEAFEK 2 
100 43.81 XPF 343 VYHLPDAKMSK 8 XPF 443 DSKAEEVWMK 3 
102 28.63 XPF 283 SLVQDLKILR 7 XPF 455 KEDSSKR 1 
104 51.85 ERCC1 269 EDLALCPGLGPQKAR 13 ERCC1 235 VTECLTTVKSVNK 9 
105 55.06 XPF 491 KLTLTQMVGKPEELEEEGDVE

EGYRR 
1 XPF 478 ASTKER 4 
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106 83.23 ERCC1 109 GNPVLKFVR 6 ERCC1 1 MDPGKDKEGVPQPSGPPA
R 

5 

109 115.71 XPF 636 EKASMVVPEER 2 XPF 189 KLYLWPR 1 
110 35.1 XPF 390 EIEAENKESEALGGPGQVLIC

ASDDR 
7 XPF 596 ASRPGKPLR 6 

111 74.16 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 ERCC1 157 LQSLGKNFALR 6 
112 35.1 XPF 491 KLTLTQMVGKPEELEEEGDVE

EGYRR 
1 XPF 596 ASRPGKPLR 6 

113 69.09 XPF 636 EKASMVVPEER 2 ERCC1 109 GNPVLKFVR 6 
114 81.34 ERCC1 214 AYEQKPADLLMEK 5 ERCC1 1 MDPGKDKEGVPQPSGPPA

R 
5 

115 56.56 ERCC1 168 VLLVQVDVKDPQQALK 9 XPF 626 EKEAFEK 2 
118 70.55 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 ERCC1 168 VLLVQVDVKDPQQALK 9 
119 55.39 XPF 491 KLTLTQMVGKPEELEEEGDVE

EGYRR 
10 XPF 625 KEKEAFEK 3 

120 218.79 XPF 671 KAGGQEQNGTQQSIVVDMR 1 ERCC1 168 VLLVQVDVKDPQQALK 9 
122 89.46 ERCC1 214 AYEQKPADLLMEK 5 ERCC1 109 GNPVLKFVR 6 
125 67.98 XPF 242 CHNPSLEVEDLSLENAIGKPF

DKTIR 
19 ERCC1 235 VTECLTTVKSVNK 9 

128 76.8 ERCC1 168 VLLVQVDVKDPQQALK 9 ERCC1 109 GNPVLKFVR 6 
129 106.29 ERCC1 269 EDLALCPGLGPQKAR 13 XPF 283 SLVQDLKILR 7 
131 41.5 ERCC1 21 KFVIPLDEDEVPPGVAKPLFR 17 XPF 855 MPGVNAKNCR 7 
133 25.47 XPF 381 WEALTEVLKEIEAENK 9 XPF 455 KEDSSKR 5 
137 20.9 XPF 315 ATEKAFGQNSGWLFLDSSTS

MFINAR 
4 XPF 361 MEIKEGEETKK 4 

138 20.81 XPF 381 WEALTEVLKEIEAENKESEAL
GGPGQVLICASDDR 

9 XPF 478 ASTKER 4 

139 66.66 XPF 381 WEALTEVLKEIEAENK 9 XPF 455 KEDSSKR 1 
141 52.45 XPF 896 QLYDFIHTSFAEVVSKGK 15 ERCC1 214 AYEQKPADLLMEK 5 
142 29.89 XPF 381 WEALTEVLKEIEAENK 9 XPF 455 KEDSSKR 6 
144 88.94 ERCC1 22 FVIPLDEDEVPPGVAKPLFR 16 ERCC1 214 AYEQKPADLLMEK 5 
146 76.85 XPF 751 YYKRPVLLIEFDPSKPFSLTSR 3 ERCC1 157 LQSLGKNFALR 6 
149 138.38 ERCC1 214 AYEQKPADLLMEKLEQDFVS

R 
13 XPF 855 MPGVNAKNCR 7 

150 114.5 ERCC1 22 FVIPLDEDEVPPGVAKPLFR 16 ERCC1 168 VLLVQVDVKDPQQALK 9 
157 91.63 XPF 773 GALFQEISSNDISSKLTLLTLH

FPR 
15 ERCC1 214 AYEQKPADLLMEK 5 

161 45.16 XPF 626 EKEAFEK 2 XPF 465 SHKRPK 3 
162 24.42 XPF 361 MEIKEGEETKK 4 XPF 439 TFEKDSK 4 
164 7.98 XPF 371 KELVLESNPK 1 XPF 456 EDSSKR 5 
165 27.95 XPF 365 EGEETKKELVLESNPK 7 XPF 455 KEDSSKR 4 
167 20.08 XPF 365 EGEETKKELVLESNPK 6 XPF 471 DPQNKER 5 
168 13.96 XPF 343 VYHLPDAKMSK 10 XPF 354 KEKISEK 3 
170 31 XPF 443 DSKAEEVWMK 2 XPF 456 EDSSKR 5 
171 30.66 ERCC1 214 AYEQKPADLLMEK 5 XPF 912 GKGKK 2 
173 30.44 XPF 443 DSKAEEVWMK 3 XPF 471 DPQNKER 5 
175 45.16 ERCC1 1 MDPGKDKEGVPQPSGPPAR 7 XPF 626 EKEAFEK 2 
177 42.1 XPF 343 VYHLPDAKMSKK 10 XPF 371 KELVLESNPK 1 
178 29.35 ERCC1 109 GNPVLKFVR 6 XPF 438 KTFEK 1 
183 31.77 XPF 268 HYLDPLWHQLGAKTK 13 XPF 283 SLVQDLK 1 
186 12.87 XPF 315 ATEKAFGQNSGWLFLDSSTS

MFINAR 
4 XPF 355 EKISEK 2 

187 32.95 ERCC1 21 KFVIPLDEDEVPPGVAKPLFR 17 ERCC1 1 MDPGKDKEGVPQPSGPPA
R 

5 

192 17.33 XPF 478 ASTKER 4 XPF 438 KTFEKDSK 1 
194 17.1 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 XPF 478 ASTKER 4 
195 23.56 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 XPF 596 ASRPGKPLR 6 
199 30.15 ERCC1 168 VLLVQVDVKDPQQALK 9 XPF 855 MPGVNAKNCR 7 
200 38.37 XPF 446 AEEVWMKFR 7 XPF 357 ISEKMEIK 4 
212 31.84 XPF 381 WEALTEVLKEIEAENK 9 XPF 471 DPQNKER 5 
215 40.07 XPF 355 EKISEK 2 XPF 478 ASTKER 4 
226 18.68 XPF 468 RPKDPQNK 3 XPF 455 KEDSSKR 6 
233 22.47 XPF 343 VYHLPDAKMSK 10 XPF 354 KEKISEK 1 
238 18.44 XPF 446 AEEVWMKFR 7 XPF 465 SHKRPKDPQNK 3 
239 51.69 XPF 446 AEEVWMKFR 7 XPF 468 RPKDPQNKER 3 
241 27.65 XPF 491 KLTLTQMVGKPEELEEEGDVE

EGYRR 
1 XPF 626 EKEAFEK 2 

245 27.03 XPF 491 KLTLTQMVGKPEELEEEGDVE
EGYRR 

1 XPF 438 KTFEK 1 

248 71.02 ERCC1 1 MDPGKDKEGVPQPSGPPAR 5 XPF 268 HYLDPLWHQLGAKTK 13 
258 24.3 XPF 381 WEALTEVLKEIEAENK 9 XPF 465 SHKRPK 3 
262 154.38 XPF 242 CHNPSLEVEDLSLENAIGKPF

DKTIR 
19 XPF 283 SLVQDLKILR 7 

265 18.31 XPF 381 WEALTEVLKEIEAENK 5 XPF 455 KEDSSK 1 
273 80.24 XPF 773 GALFQEISSNDISSKLTLLTLH

FPR 
15 XPF 855 MPGVNAKNCR 7 

277 40.07 XPF 365 EGEETKKELVLESNPK 6 XPF 455 KEDSSK 1 
280 12.63 XPF 343 VYHLPDAKMSK 8 XPF 354 KEKISEK 1 
286 22.2 XPF 390 EIEAENKESEALGGPGQVLIC

ASDDR 
7 XPF 468 RPKDPQNK 3 

293 12.63 XPF 751 YYKRPVLLIEFDPSKPFSLTSR 3 XPF 855 MPGVNAKNCR 7 
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Table 7.1 Crosslinking Mass-Spectrometry Data. All verified XLMS crosslinks displayed. Id – unique 

identifier, score – normalised prevalence value representing the frequency of crosslink appearance in 

MS2, Prot1/2 – protein from which the respective crosslink originates, PP1/2 – position in sequence for 

respective crosslink, Pseq1/2 – protein sequence identified in MS1, LP1/2 – link position identifying 

which residue in Pseq the crosslink maps to. 
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