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The nucleotide excision repair (NER) pathway deals with a wide variety of 
lesions caused by UV-light, environmental mutagens and chemotherapeutic agents 
such as cisplatin. Deficiencies in NER are associated with the hereditary disorder 
xeroderma pigmentosum, which is characterized by a more than 1000-fold increased 
incidence in skin cancer. NER involves more than 30 proteins that recognize the 
lesion, excise a DNA fragment containing the damage and restore the integrity of the 
double stranded DNA. The structure-specific endonuclease ERCC1-XPF plays a key 
role in NER and its activity is also required for other repair pathways, in particular 
interstrand crosslink (ICL) repair and homologous recombination. In NER, XPA 
recruits ERCC1-XPF to NER complexes where it performs one of the two incisions 
necessary to excise the damaged DNA.  

Based on the structure of an XPA peptide bound to ERCC1, we identified 
ERCC1 and XPA residues that are involved in this interaction. Mutations of these 
residues led to reduced NER activity in vitro and in vivo. In addition, clonogenic 
survival assays showed that cells expressing one of those mutants, ERCC1-
N110A/Y145A, were specifically sensitive to UV-light but not to ICL-forming agents. 
Conversely, mutations in a region of XPF specifically impaired the ability of the 
nuclease in the repair of ICLs. In conclusion, we generated the first mutants in 
ERCC1-XPF specifically deficient in NER or ICL repair by selectively targeting 
protein binding sites. This work demonstrates that the activity of ERCC1-XPF in 
various repair pathways is regulated by protein-protein interactions involving specific 
regions of the ERCC1 and XPF proteins.  
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Introduction 

 
The preservation of the DNA is of vital importance to ensure proper 

development and accurate transfer of the genetic information from generation to 

generation. Cells are constantly exposed to both endogenous and exogenous 

agents that damage the DNA by modifying bases, inducing distortions in the 

double helix and generating strand breaks. If unrepaired, these lesions can 

introduce mutations that alter the genetic information and eventually lead to 

cancer; they can also block crucial DNA processes such as DNA replication and 

transcription, triggering cell death. It has been estimated that 104-106 DNA-

damaging events occur every day in a single human cell [5]. To deal with this 

huge amount of damage and the wide variety of lesions, organisms have evolved 

very efficient DNA repair systems. There are five main DNA repair pathways 

(direct repair, base excision repair, nucleotide excision repair, mismatch repair 

and homologous recombination), each of which deals with specific types of 

lesions. In most of these repair mechanisms lesions are removed through the 

excision of a damaged DNA fragment, which can range from a couple of 

nucleotides to patches of 30 and more nucleotides in length. The enzymes most 

often responsible for these excisions are a group of nucleases called structure-

specific endonucleases. These proteins recognize and cleave specific DNA 

structures that arise during repair processes. Since formation of strand breaks 

can be deleterious for the cell, it is essential that the activity of these enzymes is 

properly regulated in order to avoid excessive accumulation of these cytotoxic 

lesions.  

The work presented in this thesis focuses on the regulation of the activity 

of the endonuclease ERCC1-XPF. ERCC1-XPF participates in different DNA 

repair pathways that consist of multi-stage processes. It is therefore very 

important that ERCC1-XPF “knows” where and when to cut. To better 

understand this aspect, I will discuss how the activity of ERCC1-XPF is regulated 

in a multi-stage process using nucleotide excision repair as an example.  
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Nucleotide excision repair 

 
Nucleotide excision repair (NER) is a highly versatile DNA repair pathway 

that eliminates a myriad of helix-distorting lesions mainly induced by 

environmental mutagens, such as UV-light, components of tobacco, smoke and 

industrial exhaust, and chemotherapeutic agents. The importance of this repair 

system is underscored by the occurrence of genetic diseases associated with 

deficiencies in NER. 

 

The genetic implications of NER 
 

Deficiencies in NER are associated with the hereditary genetic disorder 

xeroderma pigmentosum (XP). Despites its rare occurrence (1 in every 250’000 

live births [6]), XP has been the object of intensive studies due to its remarkable 

phenotype characterized by extreme sun sensitivity and a 1000-fold higher 

probability to develop skin cancer (Figure 1) [7]. 

The first description of a XP patient occurred in 1870, when the 

dermatologist Moriz Kaposi depicted the unusual dryness and pigmentation of 

the patient’s skin. A couple of years later the first cases of XP patients associated 

with neurological diseases were reported and in 1888 40 XP patients were 

counted worldwide [8]. It was only in 1968 that XP was associated with a defect 

in excision repair based on Cleaver’s work that showed the inability of XP skin 

cells to perform unscheduled DNA synthesis (UDS) after UV irradiation [9]. 

Previous work showed that bacteria released short DNA patches containing 

thymidine dimers after UV irradiation [10, 11] and that a “non-conservative 

replication” of DNA occurred in both bacterial and human cells following 

exposure to UV light [12, 13]. This de novo DNA synthesis step was referred to 

as unscheduled DNA synthesis and was used to measure the levels of NER 

activity in living cells. The different severity of symptoms and different levels of 

UDS among XP patients pointed to a heterogeneous molecular defect for this 

disease. Indeed, cell fusion studies led to the identification of various 
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complementation groups [14], namely XP-A, -B, -C, -D, -E, -F and -G, in which 

the corresponding gene encoding for a specific NER protein is mutated. There is 

an additional “variant” class of XP patients called XP-V, in which cells are 

proficient in excising damaged DNA oligonucleotides, but they are deficient in 

synthesizing the DNA after UV irradiation [15]. The mutated protein in those cells 

is the DNA translesion polymerase η, which is very efficient in replicating UV-

induced pyrimidine dimers [16, 17]. 

 

 

 

 
 

Two other genetic disorders characterized by UV-sensitivity have also 

been associated with deficiencies in genes involved in NER: Cockayne syndrome 

(CS) and trichothiodystrophy (TTD). Despite sharing some symptoms typical for 

XP, both CS and TTD patients exhibit a very different phenotype. 

CS is characterized by dwarfism and mental retardation, but, unlike XP 

patients, CS patients are not prone to develop skin cancer unlike XP patients [7]. 

The genetic defects arise from mutations in the CSA and CSB genes, products of 

which are specifically involved in transcription-coupled NER (TC-NER) [18]. Most 

XP patients are also defective in TC-NER but they do not present the severe CS 

symptoms, indicating that the defect in TC-NER can not be the only cause of CS. 

                               
 
Figure 1. Image of an XP-patient after sun exposure. The skin of XP patients is 
characterized by severe blistering, sunburns and dryness. The areas around the eyes, the 
mouth and the neck are highly photosensitive. XP patients have a 1000-fold higher probability 
to develop skin cancer compared to the general population. 
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Indeed, it was suggested that CS cells have a more global impairment in 

transcription [19]. 

TTD displays a lot of CS characteristics, but has additional features such 

as sulfur-deficient, brittle hair and scaly skin. TTD is caused by mutations in three 

subunits of the transcription factor TFIIH, TTD-A, XPB and XPD. Defects in 

subunits of TFIIH can lead to all the aforementioned genetic disorders. This fact 

is explained by the dual function of TFIIH in both repair and transcription; 

therefore TTD is also referred to as the transcription/repair syndrome [20]. 

 

The nucleotide excision repair pathway 
 

The mechanism to remove lesions by NER (for a detailed description of 

lesions processed by NER see [21]) involves the concerted action of more than 

30 proteins, which are recruited in a specific and sequential order to coordinate 

each step of the reaction. NER consists of three main steps: recognition and 

verification of the lesion, excision of the damage containing DNA fragment and 

finally restoration of the DNA through repair synthesis and ligation (Figure 2) [21, 

22]. NER can be divided into two partially overlapping sub-pathways depending 

on how the lesion is recognized and where it is located on the genome. The 

global-genome repair (GG-NER) pathway removes lesions genome-wide. XPC-

RAD23B acts as a DNA damage sensor and triggers the assembly of the 

subsequent factors [23] [24] [25]. On the other hand, if the lesion is found on the 

transcribed strand of an expressed gene, a stalled RNA polymerase activates the 

transcription-coupled repair (TC-NER) [18, 26]. After the initiation step the two 

sub-pathways converge in a common pathway engaging the same factors to 

further process the lesion. The transcription and repair factor TFIIH with its 

helicase subunits XPB and XPD separates the DNA strands and verifies the 

presence of the lesion. The opening of the DNA allows the recruitment of other 

NER factors such as XPA, RPA and the endonuclease XPG [25, 27]. The last 

factor to join the pre-incision complex is ERCC1-XPF, which incises the 
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Figure 2. Model of the nucleotide excision repair pathway. The damaged DNA is 
recognized by the complex XPC-RAD23B, which subsequently recruits TFIIH. Its XPB and 
XPD helicase subunits unwind the DNA around the lesion in order for XPA, RPA and the 
endonuclease XPG to be recruited and be positioned on the open NER intermediate. The last 
factor to join the pre-incision complex is the endonuclease ERCC1-XPF. After dual incision of 
the DNA around the lesion the replication machinery composed of Polδ/κ, PCNA and the 
replication factor C (RFC) synthesizes the new DNA strand, which is finally ligated by either 
ligase I or ligase III. 

 
 
 

!"#$

%&'$

!"#$

%&'$

!"'$

()**+$

!"#$

!",$

!"#$

!"-$

!",$
!".$

/".$

()**+$

01$ &1$

!"-$

!",$

!".$

/".$

23$

!")$
()**+$

!
$

01$

/".$ !"-$

"45678$

"#9.$

/)#$

!
$ &1$

"45678$

"#9.$

/)#$

:;<*$4=$:;<***$



 7 

damaged strand 5’ to the lesion [28], whereas XPG cleaves the DNA on the 

opposite site of the lesion [29]. After the dual incision around the lesion, the 

damaged DNA fragment is released and the resulting gap is filled by DNA 

polymerases δ/ε and κ with the help of the replication factor C (RFC), the 

proliferating cell nuclear antigen (PCNA) and the replication protein A (RPA). 

Finally, DNA ligase I or DNA ligase III/XRCC1 seals the nick and the DNA 

integrity is restored [30-32]. 

In living cells the whole NER process is even more complex due to the 

organization of the DNA into chromatin structures. The tight wrapping of the 

double helix has to be relaxed in order to detect lesions and subsequently initiate 

the repair process. Similarly, after removal of the lesion and DNA synthesis, the 

unwrapped DNA needs to be reorganized in the chromatin structures [33, 34]. 

The roles of some factors have been implicated with NER processes at a 

chromatin level. The UV-damaged DNA binding protein (UV-DDB), composed of 

DDB1 and DDB2, has been implicated in playing a role as a lesion detector in 

vivo. Mutations in DDB2 result in the very mild XP-E phenotype and a GG-NER 

deficiency in repairing CPDs [35] [36, 37]. Further studies have demonstrated 

that DDB2 is required to recruit XPC to DNA sites containing CPDs in vivo [38, 

39]. The chromatin assembly factor 1 (CAF-1) is another protein that has been 

implicated to be a linking factor between NER sites and the remodeling of 

chromatin. CAF-1 functions as a histone chaperone and it was shown to be 

required for proper nucleosome rearrangement after NER events and to 

colocalize with UV-lesions in living cells in a NER-dependent manner [40-42].  
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XPA: a keystone in NER 
 

The XPA protein is a key factor in the NER reaction. Its importance is 

underscored by the fact that XP-A patients are completely devoid of NER activity 

and display one of the most severe forms of XP. The 273 amino acid XPA protein 

interacts with different proteins involved in the NER reaction (Figure 3): RPA 

[43], XPC [44], TFIIH [2, 45] and ERCC1 [46]. The DNA-binding domain in XPA 

is composed of two subdomains: the N-terminal one contains a zinc-finger motif 

[47] essential for DNA binding and NER activity [48], the C-terminal part contains 

a basic cleft large enough to accommodate double-stranded DNA [49].  

The role of XPA in NER was always very elusive. Because XPA binds 

preferentially to damaged DNA [48, 50, 51], and its affinity is enhanced by the 

presence of RPA [52-54], it was suggested that XPA played a role in the 

recognition step of NER lesions. Later, DNA damage recognition competition 

assays demonstrated that XPC was the earliest lesion detector factor [23]. In vivo 

studies have shown that the co-localization of XPA with UV lesions is dependent 

on XPC, confirming that XPC arrives to the lesion before XPA [24].  It was then 

proposed that XPA would perform damage verification [55] by probing DNA 

bending and unwinding [56]. XPA was later shown to specifically bind unusual 

DNA structures, such as 3-way and 4-way junctions, which could possibly arise 

during the NER reaction [57]. These results together with the fact that XPA 

interacts with other NER factors propose a more architectural function of XPA, by 

means of assembling and stabilizing the pre-incision complex once the presence 

of the lesion has been verified. 

       
 
 
Figure 3. Schematic representation of XPA. The XPA regions involved in interactions with 
NER factors and DNA are shown. The DNA-binding domain (green) contains a zinc-finger 
motif (blue).  
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The multi-faceted activity of ERCC1-XPF 

 

Structure-specific endonucleases 
 
 The generation of DNA single strand breaks is necessary for the proper 

execution of different cellular processes. As mentioned above single strand 

breaks are generated during DNA repair in order to remove damaged DNA 

fragments. Nuclease activity is also necessary during DNA replication in 

processing Okazaki fragments and during DNA recombination to resolve 

intermediate structures such as D-loops and Holliday junctions. In these 

processes the cleavage is not triggered by specific DNA sequences, but rather 

by specific DNA structures. A group of enzymes has evolved to recognize and 

cut different DNA intermediates, namely the structure-specific nucleases (Table 
1). When and where an endonuclease cuts is part of an orchestrated regulation 

that very often involves the specific interaction between the nuclease and other 

proteins. The classification of endonucleases is based on their structural domains 

as well as on their substrate specificity. Eukaryotes have two main classes of 

structure-specific nucleases: the FEN-1/XPG family and the XPF/MUS81 family. 

 FEN-1 (originally known as DNAse IV) has both an endonuclease activity 

in DNA repair events and an exonucleolytic activity during DNA replication 

(reviewed in [58, 59]); in fact its acronym stands for both flap endonuclease and 

five prime exonuclease. Other representatives of the FEN-1 family are XPG and 

its yeast homolog Rad2, T4 RNAse H in bacteriophages and prokaryotic DNA 

polymerases I. The proteins share homology within the conserved 

structural/functional domains called N-, I- and C-regions. The preferred 

substrates of these endonucleases are branched DNA molecules with a 

protruding 5’ single stranded flap. Exonucleolytically, FEN-1 acts preferentially on 

nicked double stranded DNA and less efficiently on gapped DNA. Recently, a 

new member has been added to the FEN-1 family: the human Holliday junctions 

(HJ) resolvase GEN1 [60]. HJ resolvases are structure-specific endonucleases 

that introduce nicks in four-way DNA junctions, intermediates that occur during 
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meiotic recombination and recombinational repair of double strand breaks. 

Despite the fact that GEN1 has a similar cleavage mechanism as non-eukaryotic 

HJ resolvases, which are well characterized, it does not share any sequence or 

structural homology with them; in fact GEN1 contains the N- and I-regions like 

XPG and was classified as a Rad2/XPG family member, a subcategory of the 

FEN-1 family [60, 61].  

 The XPF/MUS81 family is represented by endonucleases that 

preferentially cleave 3’ flap structures (reviewed in [62]). In eukaryotes, each 

endonuclease forms a heterodimer composed of a catalytic and a non-catalytic 

subunit, whereas the archeal orthologs form complexes containing two 

catalytically active subunits. The minimal structural elements required for DNA 

binding and DNA incisions are the excision repair cross complementation group 

4 (ERCC4) nuclease domain and a dual repeat of the helix-hairpin-helix (HhH)2 

motif. Some archeal proteins contain also a functional Superfamily 2 (SF2) 

helicase domain. ERCC1-XPF and MUS81/EME1 are the most relevant and well-

characterized representatives. They both function in DNA repair and 

recombination events, but they display a slightly different substrate preference. 

ERCC1-XPF cleaves splayed arms and stem loops more efficiently than 3’ flaps. 

MUS81/EME1 on the other hand prefers to incise 3’-flap, replication forks and, 

less efficiently, splayed arms and nicked 4-way junctions. Recently two new 

members have been assigned to this family, namely FANCM and FAAP24, two 

proteins involved in the Fanconi anemia pathway. FANCM shares a high 

homology with the helicase and the ERCC4 domains of the Hef protein, an 

archeal XPF homolog [63]. The heterodimer FANCM-FAAP24 preferentially 

binds 3’-flap and splayed arm structures, but it seems to lack a nuclease activity, 

possibly because of a substitution of one amino acid in the ERCC4 core 

sequence. FAAP24 was suggested to target the heterodimer FANCM/FAAP24 to 

specific DNA intermediates occurring during DNA repair events [64].  

A lot of interest has been addressed recently to a new human protein, 

SLX1-SLX4. This protein acts as a HJ resolvase [65-67], but it possesses also a 

flap endonuclease activity and to participate in recombinational events [65, 68]. 
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SLX1 belongs to the family of proteins that harbor the UvrC-intron-endonuclease 

(Uri) domain and the eukaryotic members of the family contain a C-terminal 

PHD-type zinc finger. Proteins belonging to the SLX4 family contain several 

conserved functional domains: the C-terminus harbors the SAP and CCD 

domains, whereas the N-terminal region contains the ubiquitin-binding UBZ 

domain and the BTB/POZ protein-protein interaction domain [65, 68]. Like the 

proteins of the XPF/MUS81 family, SLX1-SLX4 forms a heterodimer, in which 

SLX1 is the catalytic subunit and SLX4 acts as a regulatory unit. Interestingly, 

SLX4 has been shown to interact with other structure-specific endonuceases, 

including ERCC1-XPF and MUS81/EME1, suggesting a regulatory role for SLX4 

to scaffold different enzymes to specific target sites [66].  

 

ERCC1-XPF 
 

To identify genes involved in NER a set of UV sensitive rodent cell lines 

were established and divided in different complementation groups. Human genes 

that were able to counteract the repair defects in those cells were designated 

excision repair cross-complementing (ERCC) [69]. ERCC1 was the first human 

repair gene to be cloned [70]. Unlike the other ERCC genes ERCC1 failed to 

complement any XP complementation group and the first human ERCC1 patient 

was just discovered recently [71] (see below). The human XPF gene, originally 

designated as ERCC4, was independently isolated by functional correction of UV 

sensitive rodent cells [72] and by sequence homology to the yeast Rad1 gene 

[28].  

ERCC1- and XPF-deficient cells were not able to complement each other 

indicating that the two proteins might form a complex, similarly to their yeast 

counterparts Rad10 and Rad1, respectively [73]. It was soon demonstrated that 

ERCC1 and XPF form a stable complex in vivo [28, 73] and in vitro [74].  
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Nuclease Family Activity Substrate specificity Nuclease 

carrier 

FEN-1 FEN-1/XPG 3’ exo- and 
endonuclease  

PCNA 
during 

replication 

XPG FEN-1/XPG 3’ 
endonuclease  

TFIIH in 
NER 

GEN1 FEN-1/XPG HJ resolvase 

 
? 

ERCC1-
XPF XPF/MUS81 5’ 

endonuclease  
 

XPA in 
NER 

SLX4 in 
ICL repair 

MUS81-
EME1 XPF/MUS81 5’ 

endonuclease 
  

SLX4 in 
ICL repair 

SLX1-
SLX4 

UvrC-intron 
endonuclease HJ resolvase 

 
? 

 

 

Table 1. Human structure-specific endonucleases. Endonucleases belonging to the same 
protein family share conserved structural elements (described in the text) that account for the 
cleavage polarity and the substrate specificity of the enzymes. The activity of nucleases is often 
regulated by specific interactions with proteins that target the endonuclease to specific DNA 
processes (in the table referred to as nuclease carrier). Red arrows show the approximate site of 
cleavage in each DNA substrate. Black circles indicate 5’ termini. Abbreviations: nt: nucleotide; 
HJ: Holliday junction; ICL: interstrand crosslink. 
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The dimerisation occurs through two helix-hairpin-helix motifs, a characteristic 

structural consensus in DNA binding proteins, found at the C-termini of both 

proteins (Figure 3) [75, 76] and it is necessary for the stability and the 

functionality of the complex [28]. The N-terminus of XPF shares the same 

structure as the helicase domain of the archeal superfamily 2 (SF2) helicases, 

but it lacks the residues necessary for ATP hydrolysis [77]. The active site of the 

heterodimer resides in the nuclease domain of XPF, which contains the highly 

conserved V/IERKX3D sequence [78, 79]. The cluster of acidic residues allows 

the coordination with metal ions necessary to catalyze the incision in the DNA 

strand [79]. The absence of archeal orthologs despite the evolutionary 

conservation in eukaryotes has suggested that ERCC1 might have evolved from 

the same XPF gene through gene duplication in lower eukaryotes [76]. Indeed 

the crystal structure of the ERCC1 central domain revealed a high structural 

homology with the overall fold of the nuclease domain found in archeal orthologs 

of the XPF family. In ERCC1 the groove that harbors the catalytic residues in 

XPF is rich in aromatic and basic amino acids implicating a role in DNA or protein 

binding [80]. The different functional domains in ERCC1-XPF contribute to the 

substrate recognition, the correct positioning of the enzyme on the DNA and the 

accurate execution of the incision [80-82]. 

 
 

   
 
Figure 3. Schematic representation of the heterodimer ERCC1-XPF. The structural and 
functional domains of the heterodimer are shown. In XPF: the N-terminal SF2 helicase-like 
domain (light blue), the nuclease domain (yellow) with its highly conserved sequence 
necessary for catalytic activity and the C-terminal tandem repeat HhH domain (light purple) 
through which the dimerisation with ERCC1 occurs. IN ERCC1: the central domain (green) 
and the HhH2 domain (light purple). 
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ERCC1-XPF preferentially cuts DNA molecules containing a junction between 

double stranded and single stranded DNA (ds/ss) with a 3’ protruding single 

stranded arm such as stem-loops, splayed arms and flap substrates [28, 83]. 

This substrate specificity and the polarity of the incision led to the implication that 

ERCC1-XPF is responsible for the 5’ incision during the NER reaction [28, 84].   

 

The role of ERCC1-XPF outside NER 
 

The fact that both ERCC1 and XPF had additional roles outside NER was 

already clear during the first experiments of cross-complementation with UV-

sensitive rodent cell lines. ERCC1- and ERCC4 (XPF)-deficient cells showed an 

exquisite sensitivity to crosslinking-forming agents that was not seen in other UV 

sensitive strains [70, 72, 85]. Furthermore, ERCC1-/- mice have a much more 

severe phenotype compared to other NER-deficient mice suggesting additional 

NER-independent roles of ERCC1-XPF [86, 87]. The mechanism of the repair of 

interstrand crosslinks (ICLs) is not yet fully understood. ICL repair is believed to 

occur through the generation of double strand breaks (DSBs), engaging proteins 

involved in homologous recombination as well as in nucleotide excision repair 

and the Fanconi anemia pathway [88]. ICLs are mainly repaired in a replication-

dependent way, since this particular lesion is a strong roadblock to the replication 

machinery. Alternatively, the lesions can be recognized by other factors and 

repaired in a replication-independent way. Both pathways can be divided into 

four main steps: 1) recognition of the crosslink; 2) unhooking of the ICL; 3) 

bypass of the lesion by a translesion synthesis polymerase and 4) removal of the 

adduct from the DNA. Very little is known about how these steps are  coordinated 

and which factors are involved. Nonetheless it is well-established that the activity 

of the endonuclease ERCC1-XPF is required for the repair of ICLs [89, 90] and 

recent evidence suggests SLX4 as the protein that targets ERCC1-XPF to ICL 

repair sites [66].  

The nuclease activity of ERCC1-XPF is also necessary in different 

recombinational events. It has been shown that ERCC1-XPF is required to 
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remove non-homologous 3’ tails during chromosomal rearrangements between 

direct repeats [91], as well as to resolve heteroduplex intermediates for targeted 

gene replacement [92]. Furthermore, ERCC1-XPF is also involved in telomere 

maintenance [93-95].  

 

ERCC1-XPF deficiency and aging 
 

The maintenance of the genomic integrity accounts for longevity and cell 

viability, implying a connection between DNA repair and aging. Indeed, most of 

the progeroid syndromes in humans, such as Cockayne syndrome and 

trichothiodystrophy, are caused by defects in genes that code for proteins 

involved in DNA repair processes evoking the correlation between genomic 

maintenance and longevity [96]. CS and TTD, which are linked to defects in 

transcription [97], display signs of accelerated aging, whereas XP-A patients and 

XPA-/- mice, who have a total loss of NER, are highly cancer-prone, but do not 

develop premature aging symptoms [98] indicating that the loss of only NER 

does not account for accelerated aging. Similarly, XP-F patients, that still retain 

residual NER activity, present only a mild XP phenotype. In 2006, a new 

progeroid disorder, called XFE syndrome, was described [99]. The so far only 

XFE patient harbored a severe mutation in a functional domain of the XPF 

protein resulting in severe reduction of ERCC1-XPF protein levels. XFE cells 

showed residual NER activity, typical for XP and CS disorders, but the patient 

developed severe neurological, musculoskeletal and hematopoietic symptoms, 

uncharacteristic for XP or CS, classifying this clinical outcome as a new 

syndrome [99]. The importance of ERCC1-XPF during development was further 

validated by the characterization of the first and so far only ERCC1 patient. The 

individual had surprisingly only a mild NER impairment but developed severe 

pre- and postnatal development abnormalities, characteristic of the cerebro-

oculo-facial-skeleto (COFS) syndrome, leading to early death [71]. Both the XFE 

and the ERCC1 deficient phenotype correlated very well with the phenotype of a 

ERCC1-/- mouse model [86]. ERCC1-deficient mice showed a severe weight 
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reduction, delayed development, advanced neurological diseases and early 

death, all signs of premature aging. Cells of both XFE and ERCC1 patients and 

ERCC1-/- mice are highly sensitive to interstrand crosslink-forming agents 

suggesting that this defect may be responsible for the accelerated aging 

phenotype [99]. In fact there is increasing evidence that imperfect genomic 

maintenance, caused not only by environmental agents but by cell-intrinsic 

sources as well, represents a critical contributor to aging [100].   

 

ERCC1 and cancer chemotherapy 
 

Some of the most widely used therapies to treat cancer rely on agents that 

damage DNA, such as platinum-based compounds and ionizing radiation. The 

ability of cancer cells to repair DNA lesions results in chemotherapeutic 

resistance.  A lot of interest has been therefore directed to target proteins 

involved in DNA repair pathways to improve the efficacy of the therapy [101, 

102]. NER was first associated with clinical resistance to cisplatin when clinical 

studies reported a correlation of high expression levels of some NER proteins, in 

particular ERCC1, with the patient response to a platinum-based therapies. Over-

expression of ERCC1 correlated with poor response of treatment, therefore it 

was suggested that mRNA levels of ERCC1 could be a good indicator of NER 

activity and hence predict the clinical outcome (reviewed in [103, 104]. ERCC1 

and the repair pathways, in which ERCC1-XPF is involved, might therefore been 

considered as potential drug targets to improve treatment efficacy.  

 

Regulation of ERCC1-XPF in NER 
 

The proficient repair of NER lesions requires an orchestrated regulation of 

the process. The main driving force of NER is the sequential recruitment of NER 

factors through specific protein-DNA and protein-protein interactions. The 

assembly of the NER complex around a lesion needs to occur in a well-defined 

sequential order to guarantee the recognition of the lesion, the unwinding of the 

DNA around the lesion, the verification of the lesion and the correct positioning of 



 17 

each protein in the ensemble and finally the coordinated take-over of the 

replication machinery after damage excision [25].  

A critical step in NER is the recruitment of ERCC1-XPF to the site of 

damage. The activity of ERCC1-XPF is mainly regulated at the protein level. 

First, the formation of the heterodimer is essential for both the stability and the 

activity of the complex; second, the cellular localization of the protein ensures the 

proper functioning of ERCC1-XPF. In this regard, recent studies have shown that 

the mislocalization of nuclear ERCC1-XPF is in part responsible for the low repair 

activities detected in XP-F and XFE patients [105]. Finally, recruitment of 

ERCC1-XPF to NER complexes is mediated by the specific interaction between 

ERCC1 and XPA, an essential step for the efficient removal of the lesion. Cells in 

which this association is abolished displayed high UV sensitivity [106], 

underscoring the importance of the XPA-ERCC1 interaction. 

 

Preview 

 
The aim of this thesis is to understand how the activity of ERCC1-XPF is 

regulated in different DNA repair pathways, in particular in NER.  Starting from 

the structure of the central domain of ERCC1 in complex with an XPA peptide 

(described in Chapter 2) we identified NER-specific elements in ERCC1-XPF that 

led to the generation of the first NER-deficient ERCC1-XPF mutant (Chapter 3). 

We also investigated the effect of mutations in ERCC1 and XPA on processing 

different NER lesions (Chapter 4). In addition, we have identified another region 

in ERCC1-XPF that is necessary for the activity of ERCC1-XPF in ICL repair 

(Chapter 5). Implications and future directions of the results are discussed in 

each chapter. 
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Chapter 2: 

Structural basis for the recruitment of 

ERCC1-XPF to nucleotide excision repair 

complexes by XPA 
 
 

 
 
 
 

 
 
Adapted from the manuscript by Oleg V Tsodikov, Dmitri Ivanov, Barbara Orelli, 

Lidija Staresincic, Ilana Shoshani, Robert Oberman, Orlando D Schärer, Gerhard 

Wagner and Tom Ellenberger, published in “The EMBO Journal” in 2007, volume 

26, pages 4768-4776.  
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Abstract 

 
The nucleotide excision repair (NER) pathway corrects DNA damage 

caused by sunlight, environmental mutagens and certain antitumor agents. This 

multistep DNA repair reaction operates by the sequential assembly of protein 

factors at sites of DNA damage. The efficient recognition of DNA damage and its 

repair are orchestrated by specific protein–protein and protein–DNA interactions 

within NER complexes. We have investigated an essential protein–protein 

interaction of the NER pathway, the binding of the XPA protein to the ERCC1 

subunit of the repair endonuclease ERCC1-XPF. The structure of ERCC1 in 

complex with an XPA peptide shows that only a small region of XPA interacts 

with ERCC1 to form a stable complex exhibiting submicromolar binding affinity. 

However, this XPA peptide is a potent inhibitor of NER activity in a cell-free 

assay, blocking the excision of a cisplatin adduct from DNA. The structure of the 

peptide inhibitor bound to its target site reveals a binding interface that is 

amenable to the development of small molecule peptido-mimetics that could be 

used to modulate NER repair activities in vivo. 
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Introduction 

 
 For the NER pathway, DNA cleavage by ERCC1-XPF requires physical 

interaction with XPA, a scaffold protein that interacts with DNA and several repair 

proteins, including RPA, TFIIH and the ERCC1 subunit of ERCC1-XPF [46, 106-

108]. Although XPA was originally described as a DNA damage-specific sensor 

or verification protein, recent work suggests that XPA instead recognizes the 

DNA structural intermediates arising during processing by NER [51, 57]. XPA 

recruits ERCC1-XPF to NER complexes [24], positioning the XPF nuclease 

domain at the 5’ side of the damage site [79]. ERCC1-XPF has other roles in 

DNA metabolism outside of NER, notably in interstrand crosslink repair and 

homologous recombination [85, 92]. The importance of these additional, NER-

independent functions of ERCC1-XPF is underscored by the pronounced 

sensitivity to crosslinking agents caused by mutations of ERCC1 or XPF in mice 

and humans [86, 99, 109]. However, the exact biochemical role(s) of ERCC1-

XPF in crosslink repair remain to be discovered. 

 Li et al (1994, 1995) identified residues 59–114 in XPA as the site of 

interaction with ERCC1, and showed that deletion of three conserved glycines 

(Gly72, Gly73, Gly74) abrogates the XPA-ERCC1 interaction as well as the 

ability of the XPA protein to confer UV resistance to XP-A cells. Furthermore, the 

expression of a truncated protein comprising residues 59–114 of XPA renders 

cells sensitive to UV light and cisplatin [110], suggesting that this region is 

sufficient to disrupt the interaction of the native XPA protein with ERCC1-XPF. 

Conversely, it can be inferred from several previous studies that residues 92–119 

of ERCC1 are necessary for the interaction with XPA [46, 76, 111]. 

 Following these seminal studies, understanding of the biochemical and 

structural basis for XPA’s interaction with ERCC1 has not advanced, although 

more is known about the individual proteins. XPA contains a well-defined central 

domain (residues 98–219; Figure 1A), although the remainder of the protein 

including the ERCC1 interaction domain appears to be poorly structured [49, 

112-114]. Residues 92–119 of ERCC1 fall within the central domain of ERCC1 
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[80] that is structurally homologous to the nuclease domain of the archaeal XPF-

like proteins Aeropyrum pernix Mus81/XPF [81] and Pyrococcus furiosus Hef 

[115]. A V-shaped groove on the surface of ERCC1 corresponds to the nuclease 

active site of XPF [79, 81, 115], except that ERCC1’s groove lacks the catalytic 

residues of a nuclease active site and is instead populated with basic and 

aromatic residues [76]. We previously showed that the central domain of ERCC1 

binds to single-stranded DNA in vitro [80], and proposed the V-shaped groove as 

the DNA-binding site. 

These observations prompted us to investigate the structural and 

functional basis for the interaction of XPA and ERCC1, and its role in recruiting 

the XPF-ERCC1 endonuclease to sites of NER. Here, we describe the structure 

of a short peptide motif from XPA in complex with the central domain of ERCC1. 

We show that this XPA peptide specifically inhibits the NER reaction in vitro, 

creating an opportunity for structure-based design of NER inhibitors targeting this 

protein–protein interaction. Point mutations in the corresponding region in XPA 

abolish NER activity in vitro, underscoring the importance of the XPA-ERCC1 

interactions for NER. In addition to providing insights into how protein–protein 

interactions mediate progression through the NER pathways, our studies will 

provide a blueprint to develop small molecules that intercept the interaction 

between XPA and ERCC1. Such molecules should be valuable for studying the 

biochemical functions of ERCC1-XPF in NER and other repair pathways 

including DNA interstrand crosslink repair and homologous recombination by 

selectively inhibiting NER. 

 

Results 

Induced fit of the XPA peptide upon interaction with ERCC1  
 
 Previous reports have suggested that the ERCC1-interacting region of XPA 

(Figure 1A) is unfolded in solution, based on NMR studies and its sensitivity to 

proteolytic cleavage [112, 114]. To investigate the structure of the XPA ligand, 

we collected HSQC NMR spectra of an 15N-labeled XPA59-93 peptide alone and in 
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complex with unlabeled central domain of ERCC1 (the ERCC192-214 protein; 

Figure 1B). In the absence of ERCC1, the resonance signals for XPA cluster in a 

narrow range of chemical shifts (Figure 1B, inset) that is characteristic of an 

unstructured polypeptide with poor spectral dispersion. In the complex with 

ERCC1, a subset of XPA backbone amides become well dispersed and the 

peaks are broader. These changes are indicative of a well-structured region 

within the bound XPA peptide. Only a few resonance peaks are markedly 

perturbed when XPA59-93 is bound to ERCC1, and among these, three glycine 

residues (assigned as Gly72, Gly73 and Gly74) are strongly perturbed in the 

complex. In order to overcome the peak broadening observed in NMR spectra of 

the XPA59-93 peptide at concentrations above 0.1 mM, we sought to identify 

shorter XPA peptide ligands for ERCC1. A minimal, 14-residue XPA67-80 peptide 

(described below) was identified by examining a series of overlapping XPA 

fragments from the region previously shown to interact with ERCC1 [46]. 

 

 

 

                        
Figure 1. XPA domain organization and structure of the ERCC1-binding peptide. A) The 
ERCC1-binding region of XPA (residues 67-77) is located between the central domain (Zn2+-
binding and DNA-binding subdomains; residues 98-219) and an N-terminal region (residues 1-
58) that is dispensable for functional complementation of NER in whole-cell extracts from XP-
A mutant cells [1] and a TFIIH-binding region [2]. B) 15N HSQC spectrum of 15N-labeled 
XPA59-93 in complex with unlabeled ERCC1, and in the unbound state (inset). The spectrum 
of the unbound XPA59-93 (inset) is characteristic of an unfolded peptide. The appearance of 
new well-dispersed NMR peaks in the XPA spectrum upon addition of ERCC192-214 (shown 
in the larger spectrum) indicates that a portion of the XPA peptide adopts a defined 
conformation in complex with ERCC1. Data generated by Oleg V. Tsodikov and Dmitri Ivanov. 
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The structure of XPA in complex with ERCC1 
 
 A synthetic XPA67-80 peptide with amino-acid sequence KIIDTGGGFILEEE 

forms a stable complex with ERCC196-214 that can be purified by gel filtration 

chromatography. Like full-length XPA protein, the XPA59-93 and the XPA67-80 

peptides behave similarly and efficiently co-purify with ERCC1, suggesting that 

XPA67-80 contains all significant binding determinants. We confirmed that XPA 

and ERCC1 form a stoichiometric 1:1 complex by estimating the amount of each 

subunit in the purified complex using an Edman degradation reaction, and by 

analytical centrifugation of the complex. Equilibrium sedimentation data for the 

complex (Suppl. Figure 1C) were best fit to the expected masses for a 1:1 

complex of XPA59-93 and ERCC192-214 (Mw = (19.4±1.2) kDa) and unbound 

ERCC192-214 (Mw = (15.0±1.0) kDa). We confirmed that ERCC196-214 binds 

stoichiometrically to the XPA67-80 peptide with a KD of 0.78 µM (Suppl. Figure 2). 

A structure of the XPA67-80–ERCC196-214 complex (Figure 2A) was determined by 

a combination of NMR-derived distance restraints and X-ray diffraction data 

extending to 4 Å resolution (Table 1 in the Supplementary data and Materials and 

methods) as described below. 

 

Identification of the ERCC1-binding site in complex with XPA  
 
 The binding site for XPA on the surface of ERCC1 (Figure 2B) was 

identified using two-dimensional HSQC experiments. The spectrum of 

unliganded 15N-labeled ERCC192-214 (blue, Figure 3) showed significant 

differences from that of the complex with unlabeled XPA67-80 (red, Figure 3). 

However, complexes of ERCC196-214 with either XPA67-80 or XPA59-93 were 

identical, suggesting that the shorter XPA peptide makes all of the significant 

binding contacts. The 15N HSQC spectrum of the ERCC1–XPA complex is 

consistent with a slow-exchange regime, implying a dissociation equilibrium 

constant below 1 µM for the complex. The XPA-binding site on the ERCC1 

central domain was identified using the backbone assignments for ERCC196-214 

alone and in complex with XPA (see Materials and methods). A comparison of 
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the 15N HSQC spectra for ERCC1 in the presence and absence of XPA reveals 

that, with only one exception, the most prominent changes in chemical shifts 

involve a cluster of residues within a V-shaped groove of the ERCC1 central 

domain (Figures 2B and 3). 

 

 

 
 

 

 
 
Figure 2. Structure of the XPA-ERCC1 complex. A) The XPA67-80 peptide (orange) is bound 
to a V-shaped groove of the central domain of ERCC196-214 (green). An orthogonal view of the 
bound XPA peptide (left side) is shown in comparison to the peptide in complex with ERCC1 
(right-hand site). B) The XPA-binding site on the surface of ERCC1 (colored red) was 
identified by resonance perturbations larger than 0.2 ppm that are indicative of direct 
interactions with XPA. Crystal structure was solved by Oleg V. Tsodikov. 
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 The bound XPA peptide fits snugly into the V-shaped groove of ERCC1 

(Figure 2) that we previously speculated could be a binding site for single-

stranded DNA [80]. Three consecutive glycines (Gly72, Gly 73, Gly74) of the 

XPA peptide insert into the groove, making a U-turn with close steric 

complementary to the binding site. These are the same three conserved glycines 

previously reported to be essential for the interaction of XPA with ERCC1 and 

required for the functional complementation of XP-A cells [46, 106]. A total of 

1039 Å2 of accessible surface area from XPA peptide is buried in the complex 

with ERCC1, accounting for 61% of the solvent accessible surface area of XPA 

residues 67–77, which are in close proximity to the binding site. The XPA ligand 

derives many interactions from the core sequence motif (shown in boldface; 

KIIDTGGGFILEEE) of the XPA67-80 peptide. The side chains of Phe75, Leu77 

and Thr71 of XPA are clustered together at the mouth of the V-shaped groove 

(Figure 2A) where Phe75 stacks against Asn110 of ERCC1, and the Ile76 side 

chain packs against the aliphatic portion of ERCC1 side chains Arg144 and 

 
Figure 3. XPA67-80 binds in a shallow groove of ERCC1. A) A comparison of the two-
dimensional HSQC spectra for 15N-labeled ERCC192-214 in the presence and absence of an 
unlabeled XPA67-80 peptide. The 15N HSQC spectra reveal significant chemical shift changes for 
some ERCC1 residues in the absence (blue) or presence (red) of unlabeled XPA67-80. B) 
Combined average chemical shift perturbations are calculated as ΔXave = (((ΔX1H)2 + 
(ΔX15N/5)2)/2)1/2 for each backbone amide of ERCC1 and shown as a histogram. NMR experiments 
were performed by Dmitri Ivanov. 
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Leu148. The binding groove in ERCC1 is capped by XPA Leu77. 

 The glycine-rich loop of XPA67-80 extends far into the groove of ERCC1 

where main chain atoms of these XPA residues stack against the side chains of 

Tyr145 and Tyr152 from ERCC1 (Figure 2A). The main chain amides of these 

glycines could participate in hydrogen-bonding interactions with the ERCC1-

binding site, although these interactions cannot be directly observed from our 

NMR experiments nor can they be reliably confirmed by low-resolution (4 Å) X-

ray diffraction data (Table 1 in the Supplementary data). Based on the proximity 

of atoms modeled in the complex, we infer that the carbonyl oxygen of Gly74 

may bond with the main chain amide of Ser142 from ERCC1. The orientations of 

the Tyr145 and Tyr152 side chains from ERCC1 would permit their hydroxyl 

groups to make hydrogen-bonding interactions with the backbone carbonyls of 

Thr71 and Gly73, respectively. The side chain of XPA Asp70 could participate in 

electrostatic interactions with the side chain His149 of ERCC1. It is notable that a 

solvent-exposed salt bridge between the side chains of Asp129 and Arg156 of 

ERCC1 (PDB code 2A1I; [80]) becomes almost completely buried when XPA is 

bound. 

 Phe75 of XPA is completely buried within the ERCC1-binding site (Figure 
2A). We tested whether an alanine substitution at this position interferes with 

binding to 15N-labeled ERCC1 by measuring chemical shifts in the 15N HSQC 

spectra in the presence of the mutant peptide designated XPA67-80-F75A. 

Addition of the mutant peptide failed to perturb the chemical shifts of ERCC1 

seen upon addition of wild-type XPA67-80 (data not shown), indicating that the 

mutant peptide does not bind to ERCC1. The TGGGFI-binding motif of the XPA 

ligand and the corresponding residues of the ERCC1-binding site are strictly 

conserved in higher eukaryotes. In lower eukaryotes, the corresponding 

sequences of both proteins have diverged from this consensus, perhaps 

indicating the co-evolution of these two proteins and their functions. 
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The XPA peptide inhibits NER in mammalian cell extracts 
 
 The direct interaction of XPA67-80 peptide with the ERCC1-binding pocket 

raised the possibility that this peptide might specifically interfere with the 

recruitment of the ERCC1-XPF nuclease into the NER reaction pathway. We 

investigated the effect of XPA67-80 and the mutant XPA67-80-F75A peptide on the 

dual incision of a DNA lesion during NER in cell-free extracts. A plasmid 

containing a single site-specific 1,3-cisplatin intrastrand crosslink was incubated 

with HeLa cell-free extract in the presence of increasing concentrations of XPA 

peptide [4]. In the absence of XPA peptide, the characteristic NER excision 

products of 28–33 nucleotides containing the lesion were evident (Figure 4A, 

lane 1). Increasing concentrations of XPA67-80 interfered with excision of the 

oligonucleotide, and complete inhibition was achieved at a concentration of XPA 

peptide in the low micromolar range (Figure 4A, lanes 2–6). In contrast, the 

addition of XPA67-80-F75A did not affect NER activity at concentrations up to 92 

µM, the maximum concentration tested (Figure 4A, lanes 7–11). 

 The XPA peptide might inhibit NER activity in vitro by directly interfering 

with the endonuclease activity of ERCC1-XPF, instead of blocking its interaction 

with XPA. To account for the former possibility, we tested the effects of XPA 

peptides on the DNA incision reaction catalyzed by purified ERCC1-XPF using 

stem-loop DNA substrate [83]. ERCC1-XPF efficiently cleaves on the 5’ side of 

the loop and the XPA peptide has no effect on this activity (Figure 4B) even at a 

concentration (92 µM) that completely abolishes NER activity (Figure 4A). We 

conclude that the inhibitory effect of XPA67-80 on the NER reaction results from 

disrupting the interaction of ERCC1 with XPA, an essential protein–protein 

interaction for the dual incision of DNA by the NER pathway. 

 
Mutations in the ERCC1-binding epitope of XPA abolish NER 
 
 The specificity of inhibition of NER by XPA67-80 suggested that mutations of 

single residues such as F75 might diminish the NER activity of the XPA protein. 

We generated mutant XPA proteins containing an F75A mutation and ΔG73 
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single and ΔG73/ΔG74 double deletion, and compared their activities to that of 

the wild-type XPA protein. The ability of the XPA proteins to mediate NER activity 

was tested by incubating a plasmid containing a 1,3-cisplatin intrastrand crosslink 

with a cell-free extract generated from XPA-deficient cells supplemented with 

purified wild-type or mutant XPA protein [4]. Addition of wild-type XPA protein to 

this mixture resulted in robust NER activity, as evidenced by formation of the 

characteristic excision products of 24–32 nts in length (Figure 5A, lanes 1–2). By 

contrast, no NER activity was observed following addition of the F75A or 

G73Δ/G74Δ mutants, while the G73Δ single deletion mutant displayed marginal 

NER activity. 

 

 

 
 
Figure 4. The XPA67-80 peptide is an effective inhibitor of NER activity. A) XPA67-80 inhibits 
the in vitro NER reaction, whereas the mutant XPA67-80-F75A peptide has no effect. HeLa cell 
extracts were incubated with a plasmid containing a 1,3-intrastrand cisplatin adduct in the 
presence of increasing concentrations of either XPA67-80 or XPA67-80-F75A (lane 1, no 
XPA; lanes 2 and 7, 46 nM XPA peptide; lanes 3 and 8, 460 nM; lanes 4 and 9, 4.6 µM; lanes 
5 and 10, 46 µM; lanes 6 and 11, 92 µM). Products were visualized by a fill-in reaction 
following annealing to an oligonucleotide complementary to the excision product with a 4-nt 
overhang [4]. The marker DNA ladder is labeled LMW DNA ladder. B) XPA67-80 and XPA67-80-
F75A do not affect the intrinsic nuclease activity of ERCC1-XPF. The stem12-loop22 substrate 
(6.6 nM) was incubated with different concentrations of ERCC1-XPF (lanes 2, 4 and 6: 6.7 nM 
ERCC1-XPF; lanes 3, 5 and 7: 26.8 nM) and 0.4 mM MnCl2 in the presence of no peptide 
(lanes 1–3), 92 µM XPA67-80 (lanes 4 and 5), and 92 µM XPA67-80-F75A (lanes 6 and 7). The 
DNA substrate and the cleavage products are indicated. 
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To test if these XPA mutations only affected binding to ERCC1, we also 

compared the DNA-binding activities of wild-type and mutant XPA proteins. We 

investigated the binding of wild-type and mutant XPA to a DNA three-way 

junction, representing a high-affinity target for XPA in band-shift assays [56]. The 

wild-type, F75A, G73Δ and G73Δ/G74Δ XPA proteins all bound with similar 

affinity to a three-way junction (Figure 5B), indicating that the mutant proteins 

are fully proficient in DNA binding and unlikely to be misfolded or otherwise 

inactive. These results show that single point mutations in XPA can result in a 

defect in NER activity by weakening the interaction between ERCC1 and XPA. 

Due to the highly cooperative nature of NER (Moggs et al, 1996), other NER 

functions and interactions may be disrupted as a result of blocking the 

recruitment of ERCC1-XPF. 

 

XPA competes with single-stranded DNA for binding to ERCC1  
 
 Because XPA binds in the groove on ERCC1 (Figure 2) that was previously 

implicated in DNA-binding activity [80], we directly tested whether or not XPA 

competes with single-stranded DNA for binding to ERCC1. DNA-binding activity 

was measured by monitoring fluorescence anisotropy, using single-stranded 40-

mer oligonucleotide labeled on the 5’ end with 6-carboxyfluorescein. The XPA67-

80 peptide does not detectably bind to DNA (not shown), although it does 

compete with DNA for binding to ERCC1 (Suppl. Figure 3). This result confirms 

that the DNA-binding site on ERCC1’s central domain overlaps with the XPA-

binding site. The EC50 for binding of XPA67-80 is in the micromolar range, but 

quenching of the fluorescent probe by high concentrations of XPA precluded an 

accurate measurement of the binding constant. We previously reported an 

equilibrium-binding constant of 1.5 µM for DNA binding to the central domain of 

ERCC1 [80]. By fitting the XPA competition titration data to a competitive binding 

model (Equation 9 in the Supplementary data), we obtain the estimated binding 

constant of Kd = (540±280) nM for the XPA–ERCC1 complex. This result agrees 

well with the affinity determined directly for this interaction (Suppl. Figure 2). 
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Thus, XPA binds to the central domain of ERCC1 with approximately three-fold 

higher affinity than single-stranded DNA. 

 

 

 

 

                  
 
Figure 5. Mutation of the ERCC1-binding epitope of XPA abolishes NER but not DNA-
binding activity. A) XP-A (XP2OS) cell extracts were incubated with a plasmid containing a 
1,3-intrastrand cisplatin adduct in the presence of wild-type XPA (XPA-WT) or mutant XPA 
proteins (XPA-F75A, XPA-G73Δ or XPA-G73Δ/G74Δ). The reaction products were visualized 
by a fill-in reaction after annealing the excision product to a complementary oligonucleotide 
with a 4-nt overhang [4]. Different XPA concentrations of 20 nM (lanes 1, 3, 5 and 7) and 80 
nM (lanes 2, 4, 6 and 8) were tested. The position of a 25 mer of the LMW DNA ladder is 
indicated. B) A 5’-labeled DNA three-way junction (1 nM) was incubated with wild-type and 
mutant XPA proteins for 30min at room temperature, then the XPA-bound (xd) and free DNA 
(d) oligonucleotides were separated on an 8% native polyacrylamide gel. The reaction 
products generated with different concentrations of XPA are shown: 0 (lane 1), 4 nM (lanes 2, 
7, 13, 17), 10 nM (lanes 3, 8, 13, 18), 25 nM (lanes 4, 9, 14, 19), 60 nM (lanes 5, 10, 15, 20) 
and 150 nM (lanes 6, 11, 16, 21). Bandshift assays performed by Ilana Shoshani. 
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Discussion 

 
 The removal of bulky and helix-distorting DNA lesions by the NER pathway 

requires the coordinated assembly of a large multi-protein complex [24, 116] that 

exposes the damaged DNA strand and excises an oligonucleotide containing the 

lesion [21]. We have investigated one of the essential protein-protein interactions 

in this pathway. The specific interaction of XPA with ERCC1 is responsible for 

recruitment of the ERCC1-XPF nuclease to the DNA repair complex [46]. Our 

structural studies have defined the XPA ligand as a TGGGFI sequence motif that 

inserts into a pocket of the central domain of ERCC1 (Figure 2). It was 

previously shown that deletion of the GGG triplet within this motif abolishes the 

interaction of XPA with ERCC1 [106]. These glycines insert deep into the 

ERCC1-binding site and are likely to make hydrogen-bonding interactions using 

main chain atoms (Figure 2). The binding site of ERCC1 is mainly a nonpolar 

surface that is punctuated by several large aromatic side chains (Phe145, 

Phe152) and a buried salt bridge between Arg156 and Asp129. We show that 

single point mutations in XPA (F75A or G73Δ) effectively abolish NER activity in 

vitro, underscoring the high specificity of the binding interaction between ERCC1 

and XPA. 

 The XPA peptide ligand is unstructured in solution (Figure 1B). It is 

therefore remarkable that a short peptide segment binds to ERCC1 with 

submicromolar affinity, given the associated entropic penalty for binding. This 

peptide-protein interaction is sufficient to block NER activity in cell-free extracts 

(Figure 4A), raising the possibility that peptido-mimetic ligands could be 

developed to specifically block NER activity in vivo. Although the competing XPA 

peptide prevents the double incision of lesioned DNA during NER, the peptide 

does not interfere with the cleavage of a model DNA substrate by purified 

ERCC1–XPF (Figure 4B). These results show that the XPA peptide does not 

block the nuclease activity of XPF-ERCC1 and is instead likely to interfere with 

the recruitment of the nuclease into the NER protein complex. Mutations in the 

ERCC1-binding domain of XPA similarly abolish NER activity without affecting 
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the intrinsic DNA-binding activity of XPA. Intriguingly, the central domain of 

ERCC1 binds to single-stranded DNA in vitro [80] and this DNA-binding activity is 

blocked by XPA (Supplementary Figure 3). Although these competing activities 

at first appear contradictory, our cleavage assays employed full-length ERCC1 

protein in complex with XPF, whereas the in vitro binding studies used the central 

domain only of ERCC1. Since ERCC1-XPF has multiple DNA-binding sites [80-

82, 117, 118], it is likely that some of the other DNA-binding surfaces of the XPF-

ERCC1 heterodimer can compensate for the interference by the XPA peptide. 

With respect to the overall NER reaction, it is conceivable that DNA and the XPA 

protein alternatively bind to the same site on ERCC1 during different steps of the 

repair process. In this regard, a molecular handoff of ERCC1 from XPA to one 

strand of the unwound DNA substrate could be envisioned as one of multiple, 

individually weak interactions that drive the progression through the NER 

pathway in a concerted fashion [21, 119]. 

 Homologs of the XPA and ERCC1 proteins are found only in eukaryotic 

organisms, despite the presence of homodimeric XPF-like endonucleases in the 

Archaea [115]. The ERCC1 residues constituting the XPA-binding site are poorly 

conserved in Saccharomyces cerivisiae (Rad10 protein) and S. pombe (Swi10 

protein), and the XPA homologs (S. saccharomyces Rad14; S. pombe Rhp14) 

are highly divergent from mammalian XPA. Indeed, a different interaction site has 

recently been reported for Rad14 and Rad10/Rad1, the respective yeast 

homologs of XPA and ERCC1–XPF [120]. These observations suggest that XPA 

and ERCC1 may have co-evolved to interact specifically with each other in 

higher eukaryotes, perhaps in response to the added complexity and distinct 

functional organization of the human NER pathway. Correspondingly, a BLAST 

search does not identify the TGGGFI motif of the XPA ligand in any other 

mammalian protein. 

 In conclusion, we have established that only a short peptide segment of 

XPA is sufficient to form a stable and specific 1:1 complex with ERCC1. The 

interactions of three consecutive glycines (Gly72, Gly73, Gly74) and several 

flanking residues of XPA complement a V-shaped, hydrophobic groove in the 
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central domain of ERCC1. This protein-protein interaction is essential for NER 

activity, and the XPA peptide is an effective inhibitor of NER activity in a cell-free 

reaction. This work paves the way for development of specific NER inhibitors 

targeting the surface of ERCC1 involved in XPA binding. ERCC1 has served as a 

molecular marker for clinical resistance to cisplatin-based chemotherapy [104], 

raising the possibility of using ERCC1 antagonists as sensitizing agents for 

tumors resistant to this and other DNA-damaging agents in the treatment of 

cancer. 

 

Materials and methods 

 
Peptide and DNA 

 The XPA67-80 peptide corresponding to residues 67–80 of the XPA protein 

and the mutant peptide XPA67-80-F75A were synthesized by solid phase 

methods, then HPLC-purified by the Molecular Biology Core Facility at Tufts 

University (Boston, MA). A 40-mer DNA oligomer 5’-

CCGGTGGCCAGCGCTCGGCGT20-3’ with a 5’ 6FAM label (Integrated DNA 

Technologies) was gel-purified by conventional techniques. 

 

Protein expression and purification 

The central domain of ERCC1 (constructs ERCC192-214 or ERCC196-214) 

with an N-terminal His6 tag was expressed and purified as previously described 

[80]. Fragments of the XPA protein (XPA1-273, XPA59-273, XPA59-219, XPA59-93) 

were cloned into pET19bpps, in which an N-terminal (His)10 tag is separated from 

the XPA sequences by a Prescission protease cleavage site (gift of Dr. Tapan 

Biswas), between NdeI and XhoI sites. Full-length XPA protein was expressed in 

bacteria from pET15b-XPA.  All proteins were expressed in BL21(DE3) E. coli 

(Stratagene). The cells were grown to OD600 = 0.5 at 37 ºC, then cooled down to 

22 ºC and induced with 0.5 mM of IPTG at 22 ºC for 15 hours. XPA proteins were 

purified by Ni2+ chromatography using a HiTrap Ni2+-chelating column 

(Amersham-Pharmacia) following manufacturer’s instructions. These proteins 
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were dialysed overnight and the His-tag was concomitantly cleaved in a buffer 

containing 30mM Tris pH 8.0, 400 mM NaCl, 2 mM β-mercaptoethanol and 

Prescission protease in approximately a 1:100 molar ratio to XPA. The XPA and 

ERCC1 proteins were further purified individually on S100 HiPrep (Amersham-

Pharmacia) column. In order to obtain homogeneous XPA-ERCC1 complexes, 

purified XPA and ERCC1 were combined in excess of ERCC1 (for XPA1-273, 

XPA59-273, XPA59-219) or of XPA (for XPA59-93 and XPA67-80) and the same gel 

filtration purification step was repeated. The peak corresponding to XPA-ERCC1 

was well separated from the excess ERCC1 or XPA for all XPA constructs. This 

separation or the shapes of the peaks was not affected in the salt concentration 

range of 50-400 mM NaCl. For the XPA59-219 fragment containing the Zn2+-

binding domain of XPA (Suppl. Figures 1A and 1B), an elemental analysis 

performed on the corresponding XPA-ERCC1 complex indicated that 98% of 

XPA59-219 contains a Zn2+ atom and we conclude that the structured part of XPA 

remained properly folded in association with ERCC1. 

Labeled proteins for NMR studies were produced in M9 minimal media 

containing 15N-labeled NH4Cl and 13C-labeled glucose as the sole sources of 

nitrogen and carbon, respectively. A perdeuterated, 15N-labeled ERCC1 sample 

was prepared in media containing 100% D2O with 100% deuterated glucose and 
15N-labeled NH4Cl. 

 

Analytical ultracentrifugation 

Sedimentation equilibrium experiments with ERCC192-214 and the complex 

ERCC192-214–XPA59-93 were performed using Beckman XLA Analytical 

Centrifuge. In both cases, proteins were at concentrations of 0.3–0.5 mg/ml in 

NMR Buffer (20 mM Tris buffer pH 7.2, 50 mM NaCl, 2 mM β-mercaptoethanol 

and 0.1 mM EDTA).  
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Analysis of equilibrium sedimentation experiments 

Absorbance measured in the experiment, 

 

 
 

was analyzed using equation (1) in which A280 is the absorbance at 280 nm, r 

and a are an arbitrary and a reference radial distances, ω = 2πf  (where f = 

40,000 min-1) is the angular velocity of the rotor, ρ = 1 g/mL is the density of 

water, M is the molecular weight of the sedimented species, R is the Boltzmann 

constant and T = 277 K is the absolute temperature. 

The nonlinear regression fitting of the data to Eq. 1 to determine M was 

performed using SigmaPlot 9.0 (SSP). Data were fit (solid and dashed lines) 

using a single-component, non-interacting model and assuming partial specific 

volumes v = 0.75 mL/g for both samples. The fit (shown in Suppl. Figure 1C) 

yields molecular weights of (15.0 ± 1.0) kDa and (19.4 ± 1.2) kDa for free 

ERCC192-214 and ERCC192-214-XPA59-93 complex respectively. 

 
Crystallization of XPA–ERCC1 complex, data collection and analysis  

The complex of ERCC196-214-XPA67-80 was concentrated to 9 mg/ml using 

Amicon (Millipore) concentrator with a 5 kDa molecular weight cut-off in 30 mM 

Tris pH 8.0, 200 mM NaCl, 2 mM β-mercaptoethanol and 0.1 mM EDTA. Crystals 

were grown by vapor diffusion in hanging drops containing 1 µL of the protein 

solution and 1 µL of the reservoir solution (100 mM Tris pH 8.5, 2 M ammonium 

dihydrogen phosphate, 10% glycerol) at 21.5 ºC. Single cubic crystals of XPA-

ERCC1 complex grew in 1-2 weeks, reaching a size of 0.15-0.20 mm in each 

dimension. The crystals diffracted to 4.0 Å resolution using a rotating anode X-

ray source at Harvard-Armenise X-ray facility. I/σ(I) decreases sharply (Rmerge 

increases sharply) with increasing resolution at 4 Å. As a result, higher resolution 

shells contain no data useful for structure refinement. 

A complete and redundant X-ray data set was collected and processed 
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using HKL2000 (Otwinowski and Minor, 1997). The crystals belong to space 

group I4132 with one ERCC1–XPA complex in the asymmetric unit. The structure 

was determined by molecular replacement (MR) methods using the program 

PHASER (McCoy et al, 2005) and the crystallographic model of the ERCC1 

central domain (Tsodikov et al, 2005; PDB code 2A1I) in which the residues C-

terminal to residue 214 were deleted. A difference (Fo-Fc) electron density map 

calculated with phases from the MR solution revealed the bound XPA peptide. 

The XPA peptide was built into the difference density using distance restraint 

information from NMR experiments and the structure of the complex was then 

refined as described below, with strong geometric restraints imposed on the 

ERCC1 subunit due to the low-resolution diffraction data and the absence of 

intramolecular distance information for ERCC1. All experimental XPA–ERCC1 

distance restraints were accommodated without violations using the structure of 

unbound ERCC1, suggesting that ERCC1 does not undergo significant 

conformational changes upon binding to XPA. 

 

NMR experiments and determination of the structure of XPA–ERCC1 complex  

 All NMR data were acquired in the NMR Buffer described above. The 

protein concentrations were 0.25 mM for free ERCC196-214 or ERCC192-214 (which 

behaved similarly in all experiments), 0.25 mM for ERCC192-214 in complex with a 

synthetic XPA67-80 peptide and 0.1 mM for ERCC192-214 complex with XPA59-93 

fragment. Higher protein concentrations resulted in line broadening and lower 

quality NMR spectra. Backbone assignments of the free ERCC192-214 and 

ERCC1–XPA67-80 complex were performed using a standard set of triple-

resonance experiments: HNCA/HN(CO)CA, HN(CA)CB/ HN(COCA)CB and 

HNCO/HN(CA)CO. 

 Structural information for the ERCC1–XPA complex was obtained with a 

differentially labeled sample in which ERCC1 was 15N-labeled and perdeuterated 

and the synthetic XPA fragment was unlabeled (D,N-ERCC1/U-XPA) [121, 122]. 

The assignment of the XPA peptide in this sample was performed using 

homonuclear 2D NOESY and 2D TOCSY experiments acquired in both H2O and 
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D2O buffers. The total of 92 intramolecular distance constraints for the XPA 

peptide were derived from the 2D NOESY experiment acquired in H2O with 100 

ms mixing time. Intermolecular distance restraints were derived from a 15N-

dispersed NOE-HSQC experiment acquired on the D,15N-ERCC1/ U-XPA sample 

using 200 ms mixing time. A total of 23 intermolecular distance restraints 

between the amide protons of ERCC1 and the protons of XPA were derived from 

this experiment. The structure of the ERCC1–XPA complex was calculated using 

simulated annealing procedure in XPLOR-NIH [123]. The total energy term used 

in the calculation incorporated all of the NMR-derived distance restraints as well 

as the 4 Å X-ray data. Ten lowest energy structures out of 100 calculated were 

deposited in the PDB with accession code 2JNW. The solvent accessible surface 

areas were calculated for the lowest energy structure using Surface Racer 4.0 

[124] with the solvent probe radius of 1.4 Å. 

 

Competitive binding equilibrium titrations 

Fluorescence anisotropy measurements were performed as previously 

reported [80]. The equilibrium titrations were performed in a binding buffer 

containing 20 mM Tris, pH 8.0, 20 mM NaCl, 2 mM β-mercaptoethanol. The 

concentrations of single-stranded 5’ 6-FAM-labeled DNA (5’-CCG GTG GCC 

AGC GCT CGG CG(T)20) and ERCC196-214 were 50 nM and 2.33 µM, 

respectively, the concentration of the XPA peptide was varied from 0 to 30 µM, 

as shown in Suppl. Figure 3. Increasing XPA peptide concentration above 30 µM 

caused an increase in fluorescence anisotropy and quenching of fluorescence 

due to nonspecific interactions with the peptide, observed in the presence or 

absence of ERCC1 (data not shown). 

The simplest binding model used in the data analysis consisted of two 

competitive equilibria, binding of XPA peptide and of the single-stranded 6FAM-

labeled 40-mer DNA to the central domain of ERCC1. This model is consistent 

with the fact that at sufficiently high XPA concentration, the fluorescence 

anisotropy signal approaches that of unbound DNA. Therefore the two binding 

equilibria could be written as: 
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where E, D, X represent the ERCC1, DNA and XPA species, respectively. ED 

and EX represent ERCC1-DNA and ERCC1-XPA complexes, and KDNA and KXPA 

are the observed equilibrium association constants, defined in terms of the 

equilibrium concentrations of the species from Eqs. (2a) and (2b) as: 

 
The total concentrations of reaction species according to conservation of material 

are represented as: 

 
The approximation made in Eq. (4b) is due to the large excess of ERCC1 over 

DNA at the experimental conditions. It should be noted that in our analysis we 

assume that each single-stranded 40-mer DNA oligonucleotide contains only one 

binding site for ERCC1. Because the central domain of ERCC1 occludes 10-15 

nucleotides upon binding DNA [80], with a reasonable approximation, a 

maximum of 2-3 ERCC1 molecules could simultaneously bind to one DNA 

molecule without significant co-operativity. In this analysis, we use the value of 
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(KDNA)-1 = 1.5 µM, obtained from the direct titration of ERCC1 at constant 

concentration (50 nM) of the same DNA oligomer, using the same single site 

approximation [80]. Therefore the value of the equilibrium binding constant for 

XPA-ERCC1 complex formation, KXPA, should be unaffected by the stoichiometry 

of ERCC1-DNA binding. 

The system of Eqs. 4a, 4b and 4c yields expressions for [E], [X] and [D], 

which are then used to determined the fraction of bound DNA species, f, as 

follows : 

 

 
 

And, finally 

 

 
 

The observed fluorescence anisotropy, r, is then given by 

 
r = r0 + (rmax − r0 ) f ,           (9) 

 
where r0 and rmax are fluorescent anisotropy values of unbound and fully bound 

DNA, respectively. We used SigmaPlot 9.0 (company) to perform non-linear 

regression analysis of our data using Eq 9 in order to obtain the best-fit value for 

KXPA. 
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Construction and expression of mutant XPA proteins 

 Site-directed mutagenesis using the QuikChange kit (Stratagene) 

introduced point mutations in the expression vector pET15b-XPA was performed. 

pET15b-XPA served as template and oligonucleotide primers used to generate 

the mutations contained the desired mutation, and a marker restriction site for 

selection. The following primers were used (restriction sites are underlined and 

indicated, modified nucleotides are shown in italics): 

XPA-F75A: GACACAGGAGGAGGCGCCATTCTAGAAGAGGAAGAAG (XbaI) 

XPA-ΔG74: GACACAGGAGGATTCATTCTAGAAGAGGAAGAAG (XbaI)  

XPA-ΔG73/74:GATAATTGACACAGGATTCATTCTAGAAGAGGAAGAAG (XbaI) 

Positive clones were fully sequenced to rule out the introduction of additional 

mutations. Mutant XPA proteins were expressed in Escherichia coli BL21 (DE3) 

pLyS cells and purified by chromatography on nickel-NTA, gel filtration and 

heparin columns. 

 

Nuclease assay 

ERCC1-XPF was purified and nuclease assays using a stem-loop 

substrate were carried out as described previously [79]. A substrate consisting of 

a 12 base pair stem with a 22 nucleotide loop (5’-

GCCAGCGCTCGGT22CCGAGCGCTGGC) was 5’ end labeled using a T4 

polynucleotide kinase and [γ-32P]-ATP. The DNA substrate (100 fmol; at a final 

concentration of 6.7 nM) was suspended in nuclease buffer (25 mM TrisHCl pH 

8.0, 40 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol, 0.1 mg/ml BSA) 

containing 0.4 mM MnCl2 then incubated with ERCC1-XPF (100 or 400 fmol, 

corresponding to 6.7 nM or 26.8 nM) in the presence of 92 µM XPA67-80 or XPA67-

80-F75A. The final reaction volume was 15 µl. These DNA cleavage reactions 

were incubated at 30 °C for 15 min then stopped by adding 10 µl of loading dye 

(90% formamide/10 mM EDTA) and heating at 95 °C for 5 min. Samples were 

analyzed by 15% denaturing PAGE (0.5x TBE) and the reaction products were 

visualized using a PhosphorImager (Typhoon 9400; Amersham Biosciences). 
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DNA-binding assays 

 The three-way junction DNA substrate described previously (substrate 7 in 

Table 1 of [125] was 5’-32P-end labeled and incubated at 1 nM concentration with 

various amounts of XPA in EMSA buffer (25 mM HepesKOH pH 8.0, 30 mM KCl, 

10% glycerol, 1 mM DTT, 1 mM EDTA, 0.1 mg/ml BSA) at a reaction volume of 

15 µl. After equilibration at room temperature for 30 min, the samples were 

loaded on a 5% (37.5:1) native polyacrylamide gel containing 0.5x TBE and 

electrophoresed at 90 V for 2 h. Gels were dried and the radioactive bands 

visualized by autoradiography. 

 

In vitro NER assay 

This assay was performed using an established protocol [4]. HeLa cell 

extracts and plasmid containing 1,3-intrastrand cisplatin adduct were prepared as 

described previously [4]. Hela cell extract (2µl) or XP-A (XP2OS) cell extract 

(3µl), 2 µl of 5x repair buffer (200 mM Hepes-KOH, 25 mM MgCl2, 110 mM 

phosphocreatine (di-Tris salt, Sigma), 10 mM ATP, 2.5 mM DTT and 1.8 mg/ml 

BSA, adjusted to pH 7.8), 0.2 µl 2.5 mg/ml creatine phosphokinase (rabbit 

muscle CPK, Sigma) and either purified XPA peptide, XPA protein (WT, F75A, 

G73Δ or G73Δ/G74Δ) or NaCl (final NaCl concentration was 70 mM) in a total 

volume of 10 µl were pre-incubated at 30°C for 10 min. One µL of a covalently-

closed circular DNA plasmid (50 ng) containing the 1,3-intrastrand cisplatin 

crosslink was added before incubating the mixture at 30 °C for 45 min. After 

placing the samples on ice, 0.5 µl of 1 µM 35-mer oligonucleotide (5’-

GGGGGAAGAGTGCACAGAAGAAGACCTGGTCGACCp-3’) was added and the 

mixtures heated at 95 °C for 5 min. The samples were allowed to cool down at 

room temperature for 15 min to allow the DNA to anneal. One µL of a 

Sequenase/[α-32P]-dCTP mix (0.5 units of Sequenase and 2.5 µCi of [α-32P]-

dCTP per reaction) was added before incubating at 37 °C for 3 min, 1.2 µl of 

dNTP mix (100 µM of each dATP, dTTP, dGTP; 50 µM dCTP) was added and 

the mixture incubated for another 12 min. The reactions were stopped by adding 

8 µl of loading dye (90% formamide/10 mM EDTA) and heating at 95 °C for 5 
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min. The samples were run on a 20% sequencing gel (0.5x TBE) at 45 W for 2.5 

hrs. A low molecular weight DNA marker (New England Biolabs) was used as a 

reference after end-labeling the DNA with [α-32P]-dCTP and Klenow fragment 

polymerase. The reactions products were visualized using a PhosphorImager 

(Typhoon 9400, Amersham Biosciences). Slight variation in band intensities (e.g. 

higher intensities in Figure 4A, lane 3 in the main text) is due to experimental 

variability in the amount of material loaded in different lanes of the gel. 

 



 43 

Supplementary Data (data generated by Oleg V. Tsodikov) 
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 1. 

  
Suppl. Figure 1. XPA59-213 forms a stable 1:1 complex with the central domain of ERCC1. 
A) The complex of XPA59-213 with ERCC192-214 was separated by gel filtration chromatography 
(S-100 column; Pharmacia) from an excess of ERCC192-214. The XPA-ERCC1 complex (peak 
1) elutes before the unbound ERCC1 (peak 2). B) SDS-PAGE analysis of fractions 
corresponding to peaks 1 and 2 from the gel filtration experiment demonstrates the presence 
in peak 1 of XPA and ERCC1 at an approximately equimolar ratio of the two proteins. 
C) Sedimentation equilibrium analysis of ERCC192-214 (the central domain of ERCC1) alone 
and in complex with XPA59-93. The natural logarithm of the absorbance at 280 nm is plotted 
versus the square of the relative radial position. The data for unbound ERCC192-214 (open 
circles) and its complex with XPA59-93 (open triangles) are plotted in a similar matter. The 
curves represent the best fit of these data to Eq. 1 (Materials and methods), yielding molecular 
weights of 15 kDa for unbound ERCC192-214 and 19.4 kDa for ERCC192-214-XPA59-93, in good 
agreement with the prediction for a 1:1 binding stoichiometry. 
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2. 

 
 
Suppl Figure 2. The XPA67-80 peptide binds specifically to ERCC192-214. The XPA67-80 
peptide labeled with 6FAM at the N-terminus (10 nM peptide) was mixed with ERCC192-214 at 
the concentrations shown. Peptide binding was recorded as an increase in the anisotropic 
fluorescence emission (calculated by the methods described in Material and methods). The 
binding isotherm of ERCC1 to the XPA67-80 peptide was well fit by a simple hyperbolic 1:1 
isotherm, yielding a KD of 0.78 ± 0.06 µM. 
 

3. 

 
Suppl Figure 3. The XPA67-80 peptide is a competitive inhibitor of single-stranded DNA 
binding to ERCC192-214. Binding of a 6FAM-labeled single-stranded DNA 40mer to the central 
domain of ERCC1 was monitored by fluorescence polarization of the labeled DNA. DNA 
binding activity is plotted as a function of added XPA67-80 inhibitor. The theoretical curve given 
by Eq. 9 (solid line) corresponds to the best fit of the data to the dissociation equilibrium 
constant of 300 nM for the ERCC1-XPA complex. 
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Chapter 3: 

The XPA-binding domain of ERCC1 is 

required for nucleotide excision repair 

but not other DNA repair pathways 
 
 
 
 
 
 
 
 
 
 
 
 

Adapted from the manuscript by Barbara Orelli, T. Brooke McClendon, Oleg V. 

Tsodikov, Tom Ellenberger, Laura J. Niedernhofer and Orlando D. Schärer, 

published in “Journal of Biological Chemistry” in 2010, volume 285, pages 3705-

3712. 



 47 

Abstract 

 
The endonuclease ERCC1-XPF incises the damaged strand of DNA 5’ to 

a lesion during nucleotide excision repair (NER) and has additional, poorly 

characterized functions in interstrand crosslink (ICL) repair, double-strand break 

repair and homologous recombination. XPA, another key factor in NER, interacts 

with ERCC1 and recruits it to sites of damage. We identified ERCC1 residues 

that are critical for the interaction with XPA and assessed their importance for 

NER in vitro and in vivo. Mutation of two conserved residues (N110 and Y145) 

located in the XPA binding site of ERCC1 dramatically affected NER, but not 

nuclease activity on model DNA substrates. In ERCC1-deficient cells expressing 

ERCC1-N110A/Y145A, the nuclease was not recruited to sites of UV damage. 

The repair of UV-induced (6-4) photoproducts was severely impaired in these 

cells and they were hypersensitive to UV irradiation. Remarkably, the ERCC1-

N110A/Y145A protein rescues the sensitivity of ERCC1-deficient cells to 

crosslinking agents. Our studies suggest that ERCC1-XPF engages in different 

repair pathways through specific protein-protein interactions and that these 

functions can be separated through the selective disruption of these interactions. 

We discuss the impact of these findings for understanding how ERCC1 

contributes to resistance of tumor cells to therapeutic agents such as cisplatin. 
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Introduction 

 
The preservation of the genetic information contained in DNA is essential 

for proper cell function and is ensured by multiple DNA repair pathways. Among 

these, nucleotide excision repair (NER) clears the genome of bulky, helix-

distorting DNA lesions, such as those formed by UV-light, environmental 

mutagens and antitumor agents [126, 127]. Two subpathways of NER exist that 

differ in their method of damage recognition. In transcription-coupled repair (TC-

NER), lesions in the transcribed strand of genes block the progression of RNA-

polymerase II, triggering NER [26]. In global genome repair (GG-NER), helix-

distorting lesions anywhere in the genome are recognized by the XPC-RAD23B 

heterodimer [128], in some cases with help of UV-DDB [129]. The subsequent 

steps of NER are believed to be similar for both subpathways and occur by the 

sequential assembly of the NER proteins at the site of the lesion [130-132]. 

Recruitment of TFIIH containing two helicase subunits XPB and XPD leads to the 

separation of the damaged and undamaged DNA strands [133, 134]. This 

enables subsequent NER factors to bind, including XPA, the single-stranded 

binding protein RPA and the endonuclease XPG [131]. The last factor to be 

recruited to this pre-incision complex is the endonuclease ERCC1-XPF [130, 

135]. Once ERCC1-XPF is properly positioned on the DNA, via its interactions 

with XPA and RPA [136, 137], it incises the damage strand 5’ to the lesion, 

followed by XPG making the 3’ incision [138], allowing the replicative DNA 

polymerases and associated factors to fill the gap and restore the original DNA 

sequence [139-141].  

Inherited defects in NER cause xeroderma pigmentosum (XP) 

characterized by extreme photosensitivity and risk of skin cancer [126]. Genetic 

defects in NER factors underlie additional disorders. Mutations in XPB, XPD, 

TTD-A and XPG (all associated with TFIIH) can cause Cockayne syndrome (CS), 

combined XP/CS or trichothiodystrophy (TTD), characterized by severe 

developmental defects and neurodegeneration, due to the additional role of these 

gene products in transcription [142]. Mutations in ERCC1 cause cerebro-oculo-
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facio-skeletal syndrome, whereas mutations in XPF that severely affect protein 

expression cause accelerated aging (XFE, progeroid syndrome [143, 144]). Mice 

completely deficient in ERCC1-XPF also age rapidly and have a dramatically 

reduced life span [86, 145, 146]. The severe phenotype caused by deficiency of 

ERCC1-XPF, relative to XP, has been ascribed to the additional role of this NER 

factor in the repair of interstrand crosslinks (ICLs) [143]. 

The recruitment of ERCC1-XPF to various DNA repair pathways is 

predicted to be mediated through specific protein-protein interactions. The 

interaction between XPA and ERCC1 is essential for NER involving a region of 

XPA encompassing three consecutive glycines (residues 72-74) [147-149]. The 

structural basis for the interaction between XPA and ERCC1 was recently 

established [150, 151]. A short and unstructured peptide of XPA, XPA67-80, 

including the three aforementioned glycine residues undergoes a disorder-to-

order transition upon binding to the central domain of ERCC1 (Figure 1). This 14 

amino acid stretch of XPA is necessary and sufficient to mediate its interaction 

with ERCC1 and the XPA67-80 peptide can inhibit NER activity in vitro [150].  

These findings prompted us to investigate how the XPA-binding region of 

ERCC1 contributes to NER activity and other DNA repair functions of ERCC1-

XPF. Herein, we report mutations in the central domain of ERCC1 that severely 

impact NER activity in vitro and in vivo. Importantly, these mutations did not 

affect the ability of ERCC1-XPF to function in other DNA repair pathways. Our 

studies suggest that the roles of ERCC1-XPF can be separated by disrupting 

specific protein interactions that target the endonuclease to different DNA repair 

pathways. 

 

Results 

A short polypeptide from XPA (residues 67-80) binds in a groove on the 

central domain of ERCC1 spanning residues 105 to 160. Mutations that alter the 

strictly conserved XPA residues G72, G73, G74, or F75 abolish NER activity in 

vitro [150]. To study the functional role of the XPA-binding groove of ERCC1 in 
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NER and possibly ICL and DSB repair, we set out to design mutations in ERCC1 

that would disrupt the interaction with XPA. Inspection of the XPA-binding site 

suggested that three absolutely conserved residues in ERCC1 might be 

important for this interaction (Figure 1): ERCC1 residue N110 packs against 

XPA residue F75, ERCC1 Y145 contacts XPA G74, and ERCC1 Y152 contacts 

XPA residues G73 and G72 (Figure 2). These ERCC1 residues are located on 3 

different aspects of the pocket that accepts the XPA peptide, and their side 

chains contribute a substantial portion of the binding surface. ERCC1 residues 

N110, Y145 and Y152 were mutated to alanine using site-directed mutagenesis 

and we additionally generated the double mutants N110A/Y145A and 

Y145A/Y152A.  

 

 
 

Mutations in the XPA-binding domain of ERCC1 affect NER, but not the 
nuclease activity of ERCC1-XPF 
 

The mutant ERCC1 proteins were co-expressed with wild-type XPF in Sf9 

insect cells, and the resulting heterodimers were purified in three 

 
 
Figure 1. Sequence alignment of the central domain of ERCC1 (residues 96-214). 
Absolutely conserved residues are highlighted in dark grey, highly conserved residues in light 
grey. The absolutely conserved N110, Y145 and Y152 that have been mutated in this study 
and that affect the interaction of ERCC1 with XPA are shown in red. 
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chromatographic steps using nickel-NTA, size exclusion and heparin columns 

[152]. All of the mutant ERCC1 proteins eluted from the size exclusion column as 

proper heterodimers (Figure 3A), indicating that mutations in the XPA-binding 

domain of ERCC1 did not disrupt the protein fold of ERCC1 or its interaction with 

XPF. All the proteins were judged to be >95% pure (Figure 3B). 

We first tested the effects of the ERCC1 N110A, Y145A and Y152A 

mutations on the ability of ERCC1-XPF to incise DNA. The ERCC1 mutant 

protein complexes were incubated with a stem-loop DNA substrate in the 

presence of MnCl2 [153] and the release of a 10-mer oligonucleotide product was 

detected by denaturing PAGE analysis (Figure 4A). ERCC1-XPF heterodimers 

containing mutant or wild-type ERCC1 subunits processed this model DNA 

substrate with similar efficiencies, cleaving at the ss/dsDNA junction of the stem 

loop. These results indicate that mutation of the N110, Y145 and Y152 residues 

in ERCC1 does not affect the DNA binding and nuclease activities of the ERCC1-

XPF heterodimer. 

                             
 
Figure 2. Structure of an XPA peptide bound to the central domain of ERCC1. ERCC1 is 
shown in gray, and the XPA peptide with the highly conserved residues 72-75 (GGGF) is 
shown in purple. Residues selected for site-directed mutagenesis in ERCC1 are high-lighted 
in atom color. The picture adapted from [3].  
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We next tested the effects of these mutations on NER activity in cell free 

extracts. A plasmid containing a site-specific 1,3-intrastrand cisplatin DNA 

crosslink was incubated with a cell-free extract from XPF-deficient cells (XP-F 

cells are devoid of both XPF and ERCC1 proteins [154-156]) that was 

complemented with recombinant ERCC1-XPF proteins containing wild-type or 

mutant ERCC1 subunits [157]. The unsupplemented XP-F cell extract lacked 

detectable NER activity (Figure 4B, lane 1). The addition of ERCC1-XPF wild-

type protein to the extract restored NER activity, generating the characteristic 

excision products of 24-32 nucleotides in length (Figure 4B, lane 2 and 3). All 

mutations in the XPA-binding site of ERCC1 led to a decrease in NER activity, 

with the strongest effects observed for the ERCC1-N110A single, ERCC1-

Y145A/Y152A and ERCC1-N110A/Y145A double mutants (Figure 4B, lanes 4-

13). The activity of ERCC1-N110A/Y145A was only slightly above the 

background level measured with the catalytically inactive mutant XPF-D720A 

 
 
Figure 3. Purification of wild-type and mutant ERCC1 proteins. A) Overlay of 
chromatograms after size-exclusion purification of wild-type and mutant ERCC1 proteins in 
complex with wild-type XPF. The heterodimer ERCC1-XPF complexes (1:1) eluted around 65 
mL elution volume (second peak, marked with an arrow). The first peak (around 42 mL elution 
volume) corresponds to protein in aggregated state and the third peak (~ 75 mL) to single 
ERCC1 molecules. B) 10% SDS-denaturing gel of the purified ERCC1-XPF complexes after 3 
purification steps (Nickel-NTA agarose, gel filtration and heparin). Molecular weights of 
ERCC1 and XPF are indicated. M: BenchMark protein ladder. 
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[138] (Figure 4B, lane 14-15). These results demonstrate that an intact XPA-

binding pocket in ERCC1 is required for NER activity in vitro. 

 

XPA-binding mutants of ERCC1 do not localize to sites of UV damage 
 

Having established that the XPA-interaction mutants of ERCC1 are 

defective in NER in vitro, we assessed whether they prevent the recruitment of 

ERCC1-XPF to sites of UV damage in living cells. Based on the in vitro results 

(Figure 4), we chose the ERCC1-N110A, ERCC1-Y145A and ERCC1-

N110A/Y145A mutants for the cellular studies. ERCC1-deficient UV20 CHO cells 

[158] were transduced with recombinant lentiviral vectors expressing mutant and 

wild-type ERCC1 cDNAs [138, 159]. Immunoblotting revealed that the 

transduced UV20 cells stably expressed human ERCC1 protein (Figure 5A). 

UV20 cells expressing wild-type and mutant ERCC1 were UV-irradiated through 

a polycarbonate filter with 5 µm pores to generate a pattern of localized DNA 

damage that could be visualized by immunofluorescence microscopy [130]. One 

hour after UV irradiation, the cells were fixed and the presence of (6-4) 

photoproducts [(6-4)PPs] and of ERCC1 at sites of UV damage was monitored 

by immunofluorescence. As expected, UV20 cells expressing wild-type ERCC1 

showed nearly complete (~90%) co-localization of the nuclease with sites of (6-

4)PPs (Figure 5B). By contrast, the single mutants ERCC1-N110A or ERCC1-

Y145A showed less efficient co-localization with UV lesions. ERCC1-N110A was 

detected at 23%, ERCC1-Y145A at only 9% of the sites of UV damage (Figure 
5C). ERCC1-N110A/Y145A was observed at sites of UV damage in less than 3% 

of the cases (Figures 5B and C), even if this protein accumulates in the nucleus. 

These results further support the conclusion that the reduced NER activity of 

these ERCC1 mutants is due to their failure to interact with XPA. 

UV lesions persist in cells expressing ERCC1-N110A/Y145A 
 

To further test the conclusion that the recruitment of ERCC1-

N110A/Y145A to NER complexes was impaired, we measured the rate of UV 
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lesion repair in ERCC1-deficient UV20 cells and UV20 cells expressing either 

wild-type ERCC1 or ERCC1-N110A/Y145A. Cells were UV-irradiated to generate 

sites of local DNA damage, fixed at various time points after irradiation and the 

amount of damage remaining was assessed by immunodetection of (6-4)PPs. 

Immediately after UV irradiation, 45-55% of the cells contained (6-4)PPs, 

indicating the fraction of cells where a filter pore overlapped with the nucleus 

(Figure 6A). At 24 hrs, 15% of the UV20 cells still stained positively for (6-4)PPs 

(Figure 6B). This defines the rate of removal of (6-4)PPs from the genome in the 

absence of NER. 6-4PPs are likely diluted out during cells division in 24hrs 

(UV20 cells have a doubling time of approximately 12 hrs) or are perhaps 

eventually removed by other pathways such as homologous recombination. 

Expression of wild-type ERCC1 in UV20 cells led to a dramatic increase in the 

rate of (6-4)PPs removal, with only 5% of nuclei containing foci 4 hrs post-

 
 
Figure 4. Mutations in the XPA-binding domain of ERCC1 affect NER activity but not 
nuclease activity in vitro. A) Incision of a stem loop substrate by wild-type and mutant 
ERCC1-XPF. A 5-32P-labeled stem-loop DNA substrate (6.7 nM) was incubated with 6.7 nM 
(lanes 2, 4, 6, 8, 10, and 12) or 26.8 nM (lanes 3, 5, 7, 9, 11, and 13) ERCC1-XPF in the 
presence of 0.4 mM MnCl2. B) NER activity of wild-type and mutant ERCC1-XPF. A plasmid 
containing a site-specific 1,3-intrastrand cisplatin DNA cross-link (50 ng) was incubated with a 
whole cell extract from ERCC1-XPF-deficient cells (XP2YO) complemented with recombinant 
ERCC1-XPF containing the indicated mutations in ERCC1 (N110A, Y145A, Y152A) or XPF 
(D720A). The excised DNA fragments of 24–32 nucleotides were detected by annealing a 
complementary oligonucleotide containing a non-complementary 4G overhang and filling in 
with [α-32P]dCTP. Protein concentrations of ERCC1-XPF were 13.4 nM (lanes 2, 4, 6, 8, 10, 12 
and 14) and 53.6 nM (lanes 3, 5, 7, 9, 11, 13, and 15). A labeled low molecular weight DNA 
ladder (New England Biolabs) was used as a marker. The position of a 25-mer is indicated. 
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irradiation  and 0% by 8 hrs post-irradiation. By contrast, the slope of the curve 

indicating removal of (6-4)PPs in cells expressing ERCC1-N110A/Y145A closely 

resembled that of untransduced UV20 cells, indicating that NER is severely 

affected if the XPA-ERCC1 interaction is disrupted.  

 

 

 

 
 
Figure 5. Mutations in the XPA-binding domain of ERCC1 affect its recruitment to sites 
of UV damage. A) Expression levels of ERCC1 in transduced UV20 cells. Transduced cells 
express human ERCC1 tagged with hemagglutinin. Note that human ERCC1 has a slower 
mobility than the CHO protein due to larger size (297 amino acids versus 293 amino acids) 
and the presence of the hemagglutinin tag. Tubulin was used as a loading control. B) ERCC1-
deficient CHO cells were transduced with wild-type or mutant ERCC1 and irradiated with UV 
light (120 J/m2) through a polycarbonate filter with 5 μm pores and then fixed and stained for 
ERCC1 (green) and (6-4)PPs (red). The nuclei were stained with DAPI (4’-6’-diamino-2-
phenylindole) (blue). C) Graphical representation of the percentage of co-localization of 
ERCC1 with (6-4)PPs in UV20 cells expressing various mutants of ERCC1. Data represent 
the average of at least three independent experiments ±S.D. (error bars). 100 cells were 
counted for each experiment.  
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Mutations in the XPA-binding domain of ERCC1 inhibit NER, but not ICL or 
DSB repair 
 

Having established the importance of the XPA-binding domain of ERCC1 

for NER, we wished to determine if this domain is also important for other DNA 

repair activities of ERCC1-XPF. To test this, UV20 cells expressing wild-type 

ERCC1, ERCC1-N110A, ERCC1-Y145A or ERCC1-N110A/Y145A were tested 

for their sensitivity to UV irradiation, crosslinking agents (mitomycin C and 

cisplatin) and ionizing radiation by clonogenic survival assays (Figure 7). As 

expected, untransduced UV20 cells were hypersensitive to all of these 

genotoxins relative to parental wild-type AA8 cells. Furthermore, expression of 

wild-type ERCC1 corrected the sensitivity to all genotoxins. Cells expressing 

either ERCC1-N110A or ERCC1-Y145A showed slightly increased sensitivity to 

UV compared to wild-type cells and corrected UV20 cells.  However, UV20 cells 

transduced with ERCC1-N110A/Y145A were significantly more sensitive to UV 

than either AA8 or corrected cell lines, although not as sensitive as UV20 cells, 

demonstrating that mutations in the XPA-interacting domain of ERCC1 affect 

 
 
Figure 6. UV damage persists in UV20 cells expressing ERCC1-N110A/Y145A but not 
wild-type ERCC1. A) untransduced UV20 cells or cells expressing wild-type ERCC1 or 
ERCC1-N110A/Y145A were UV-irradiated as described in the legend for Fig. 5, cultured for 0, 
1, 2, 4, 8, or 24 hrs following UV irradiation, and then fixed and stained for (6-4)PP. B) graphic 
representation of the percentage of cells with persistent (6-4)PPs at various time points. Data 
represent the average of at least three independent experiments ±S.D. (error bars). 100 cells 
were counted for each experiment. 
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long-term survival following exposure to UV irradiation. Interestingly, all of the 

ERCC1 mutations studied here supported normal resistance to mitomycin C 

(Figure 7B), cisplatin (Figure 7C), and ionizing radiation (Figure 7D) at levels 

comparable to AA8 cells or UV20 cells expressing wild-type ERCC1. These 

observations provide direct experimental evidence that the ERCC1-XPA 

interaction is required only for NER and not for ICL and DSB repair activities. The 

data of the ERCC1-N110A/Y145A mutant demonstrate that the functions of 

ERCC1-XPF in NER can be separated from its functions in ICL and DSB repair 

by selectively blocking its interaction with XPA. 

 

 

 

 
Figure 7. Mutations in the XPA-binding domain of ERCC1 inhibit NER but not ICL or 
DSB repair. A–D) clonogenic survival assays to measure the sensitivity of CHO cell lines AA8 
(WT) (red diamonds), Ercc1-deficient UV20 (blue diamonds), and UV20 expressing ERCC1-
WT (green diamonds), ERCC1-N110A (black diamonds), ERCC1-Y145A (purple diamonds), 
or ERCC1-N110A/Y145A (yellow diamonds) to UV-C (A), mitomycin C (MMC) (B), cisplatin 
(C), or ionizing radiation (D). The data are plotted as the percentage of colonies that grew on 
the treated plates relative to untreated plates ±S.E. (error bars). cDDP, cis-
diamminedichloroplatinum(II). Experiments performed by T. Brooke McClendon. 



 58 

Discussion 
 

Known functional domains of ERCC1-XPF 
 

ERCC1-XPF is a structure-specific endonuclease that cleaves at junctions 

between single-stranded and double-stranded DNA, incising 3’ ssDNA  

overhangs. Genetic and biochemical data demonstrate the importance of 

ERCC1-XPF in multiple genome maintenance mechanisms including NER, ICL 

repair, double-strand break repair and telomere biology [160-163]. Several 

functional domains have been identified in the ERCC1-XPF heterodimer: the two 

proteins interact through two helix-hairpin-helix (HhH) domains at their C-termini 

[111] and these domains are also implicated in DNA binding [117, 151, 164, 165]. 

Adjacent to the (HhH)2 domain, XPF contains the active site nuclease domain 

[152].  The N-terminal half of XPF is made up of an SF2 type helicase-like 

domain. This domain lacks conserved ATP-binding domains and is deficient in 

ATP binding and helicase activity with a possible role in ss/dsDNA junction 

binding [118, 166]. ERCC1, although evolutionarily related to XPF, is 

considerably smaller, lacking the helicase domain [76]. The N-terminal region of 

ERCC1 is of unknown structure and function that is expendable for NER [111]. 

Its central domain is structurally homologous to the nuclease domain of XPF, but 

lacks the essential acidic residues of the active site [76, 165]. Instead, the groove 

contains basic and aromatic residues and appears to have ssDNA binding 

activity [165, 167].  

Our present knowledge of ERCC1-XPF therefore suggests a number of 

interaction sites with DNA, but less is known about how ERCC1-XPF is recruited 

to different DNA repair pathways through protein-protein interactions. The only 

protein whose interaction with ERCC1 is understood in some detail is XPA [147-

149]. Structural studies of the XPA peptide bound to ERCC1 show that it 

contacts ERCC1 through a conserved GGGF motif and that it undergoes a 

disorder-to-order transition upon binding ERCC1 [150, 151].  
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Conserved residues in the XPA-binding domain of ERCC1 are required for 
NER, but not other DNA repair pathways 
 

In the present study we demonstrated the importance of the XPA-binding 

pocket in the central domain of ERCC1 for NER activity, but not other DNA repair 

functions. Among the proteins with mutations in the XPA-binding pocket in 

ERCC1 investigated, ERCC1-N110A/Y145A showed the most severe effects and 

was almost completely devoid of NER activity in vitro and in vivo (Figures 2B, 4). 

This defect in NER is due to a weakened interaction with XPA, since the protein 

is not recruited to sites of UV damage in cells (Figure 3) while the nuclease 

activity of ERCC1-N110A/Y145A-XPF protein is unaffected (Figure 2A). UV20 

cells that lack functional ERCC1 protein are sensitive to UV irradiation, the 

crosslinking agents cisplatin and mitomycin C and to ionizing radiation.  

Expression of ERCC1-N110A/Y145A, which is devoid of NER activity, corrects 

the defects in other repair processes (Figure 5) demonstrating a clear separation 

of function in ERCC1-XPF. We speculate that these point mutations in a 

transgenic animal would result in a mild phenotype like NER-deficient Xpa-/- mice 

[168] rather than the severe phenotype of Ercc1-/- or Xpf-/- mice [86, 143, 145, 

146]. 

 

How is ERCC1-XPF recruited to DNA repair pathways other than NER? 
 

While these data and our previous work [150] defined the region in 

ERCC1 required for its function in NER through interaction with XPA, we know 

less about how ERCC1-XPF is recruited to sites of ICL and DSB repair. Several 

additional protein partners were reported for ERCC1 and XPF. ERCC1 interacts 

with the mismatch repair protein MSH2 and it has been suggested that MSH2 

and ERCC1 work together in a replication-independent ICL repair pathway [169, 

170]. However, the sensitivity of MSH2–deficient cells to crosslinking agents is 

much less pronounced than that of ERCC1-deficient cells [171], making it 

unlikely that the interaction with MSH2 is required for the major ICL repair 

pathways. XPF is also reported to interact with hRad52, an association that might 
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direct ERCC1-XPF to sites of homologous recombination or single-strand 

annealing [172]. 

The Drosophila homolog of XPF, MEI-9, interacts with ERCC1 as well as 

MUS312. MUS312 mutants and a MEI-9 mutant are hypersensitive to 

crosslinking agents but not UV irradiation, strongly suggesting a role in ICL repair 

[173]. Recent studies have identified SLX4 as a human homolog of MUS312 

[174-177]. SLX4 interacts with a number of endonucleases, including ERCC1-

XPF, MUS81-EME1 and SLX1. It is therefore likely that SLX4 serves as a 

platform to coordinate the activity of various endonucleases and has a key role in 

targeting ERCC1-XPF to sites of ICL repair.  

 

Which function of ERCC1-XPF causes resistance to cisplatin in tumor 
cells? 
 

In addition to its role in protecting cells against the deleterious effects of 

DNA damage, ERCC1 is a potential target for cancer chemotherapy. Numerous 

studies have correlated the levels of ERCC1 in tumors as well as polymorphisms 

in the ERCC1 gene with response to platinum-based chemotherapy and survival 

[178, 179]. A common perception is that this resistance to cisplatin is due to 

enhanced levels of NER [180]. By contrast, other studies have indicated that the 

treatment of cells with siRNA against ERCC1, but not against XPA, renders cells 

sensitive to crosslinking agents [181]. Our studies show directly that a defect in 

the interaction between ERCC1 and XPA that disrupts NER has no major effect 

on the cellular sensitivity to the chemotherapeutic agents cisplatin and MMC. It 

therefore appears that NER mediated by ERCC1 is not a key determinant of 

cellular sensitivity to cisplatin. Cisplatin, like other ICL-forming agents, forms a 

variety of adducts including 1,2 and 1,3-intrastrand crosslinks as well as 1,2-

interstrand crosslinks [182]. Among these the 1,3-intrastrand crosslink is an 

excellent NER substrate, while the major, but less distorting 1,2-intrastrand 

cisplatin adduct is less well repaired by NER and may be shielded from NER by 

additional proteins [183-188]. The 1,2-interstrand cisplatin on the other hand 

does not appear to be recognized by the NER machinery at all [184]. The 
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sensitivity of ERCC1-deficient cells to cisplatin is therefore almost certainly due 

to the presence of the 1,2-interstrand crosslinks, where ERCC1-XPF plays a role 

in the unhooking and/or homologous recombination step [161, 189]. These 

observations again emphasize the importance of finding additional sites for 

protein-protein interactions in ERCC1-XPF and interacting proteins that target the 

heterodimer to sites of ICL and DSB repair. 

 

Materials and methods 
 
 
Protein expression and purification 

Site-directed mutagenesis was used to introduce point mutations in 

pFastBac1-ERCC1 (QuickChange kit) as described in [152]. ERCC1 wild-type, 

ERCC1-N110A, ERCC1-Y145A, ERCC1-Y152A, ERCC1-N110A/Y145A and 

ERCC1-Y145A/Y152A were co-expressed with wild-type XPF in Sf9 insect cells. 

The heterodimers were purified over nickel affinity, size-exclusion and heparin 

chromatography as described [152]. Protein concentrations ranged from 0.1 to 

0.3 mg/ml. 

 

Nuclease assay 

Nuclease assays of wild-type and mutant ERCC1-XPF on a stem-loop 

substrate were carried out as described [83, 152]. A substrate consisting of a 12 

base-pair stem with a 22 nucleotide loop (5’-

GCCAGCGCTCGGT22CCGAGCGCTGGC) was 5’ end-labeled using T4 

polynucleotide kinase and [α-32P]-ATP. The DNA substrate (100 fmol) was 

suspended in nuclease buffer (15 µl: 25 mM Tris-HCl pH 8.0, 40 mM NaCl, 10% 

glycerol, 0.5 mM β-mercaptoethanol, 0.1 mg/ml BSA) containing 0.4 mM MnCl2, 

then incubated with ERCC1-XPF (100 or 400 fmol). The reactions were 

incubated at 30°C for 15 min then stopped by adding 10 µl of loading dye (90% 

formamide, 10 mM EDTA) and heating at 95°C for 5 min. Samples were 

separated by 15% denaturing PAGE (0.5x TBE) and the reaction products were 
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visualized using a PhosphoImager (Typhoon 9400; Amersham Biosciences).  

 

In vitro NER assay 

XPF-deficient cell extracts and the plasmid containing a 1,3-intrastrand 

cisplatin adduct were prepared and NER assays carried out as described [157, 

159]. 3 µl of XP-F cell extract in 100 mM KCl was combined with 2 µl of 5x repair 

buffer (200 mM Hepes-KOH, 25 mM MgCl2, 110 mM phosphocreatine [di-Tris 

salt, Sigma], 10 mM ATP, 2.5 mM DTT and 2 mg/ml BSA, pH 7.8), 0.2 µl 2.5 

mg/ml creatine phosphokinase (rabbit muscle CPK, Sigma) and either purified 

ERCC1-XPF and/or NaCl (to a final NaCl concentration of 70 mM) and incubated 

at 30°C for 10 min. Then 1 µl of closed circular plasmid DNA (50 ng) containing a 

1,3-intrastrand cisplatin crosslink was added and the mixture incubated at 30°C 

for 45 min. After placing the samples on ice, 0.5 µl of 1 µM 35-mer 

oligonucleotide that anneals to the excision product (5’- 

GGGGGAAGAGTGCACAGAAGAAGACCTGGTCGACCp-3’) was added and the 

mixture heated to 95°C for 5 min. The samples were allowed to cool to room 

temperature for 15 min to allow annealing. 1 µl of a Sequenase/[α-32P]-dCTP mix 

(0.5 units of Sequenase and 2.5 µCi of [α-32P]-dCTP per reaction) was added. 

After incubating at 37°C for 3 min, 1.2 µl of dNTP mix (100 µM of each dATP, 

dTTP, dGTP; 50 µM dCTP) was added and the mixture incubated for another 12 

min to extend the excised product with radiolabeled dCTP. The reactions were 

stopped by adding 8 µl of loading dye (90% formamide, 10 mM EDTA) and 

heating at 95°C for 5 min. The samples were loaded on a 14% sequencing gel 

(0.5x TBE) and run at 45 W for 2 hrs. The reaction products were visualized 

using a PhosphorImager (Typhoon 9400, Amersham Biosciences). 

 

Cell culture 

Human fibroblast cells XP2YO (XPF-deficient, GM08437) were cultured at 

37°C in a 5% CO2 humidified incubator in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Invitrogen) supplemented with 10% fetal bovine serum, 2 mM L-

glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Chinese hamster 
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ovary cells (CHO) AA8 (wild-type), UV20 (ERCC1-deficient) and UV20 

transduced with a lentiviral vector expressing wild-type or mutant hERCC1 were 

cultured in DMEM supplemented with 10% fetal bovine serum (Atlanta 

Biologicals), 1% penicillin-streptomycin and 1% nonessential amino acids 

(Gibco).  

  

Lentiviral cell transduction 

The cDNA of wild-type ERCC1, ERCC1-Y145A, ERCC1-N110A, and 

ERCC1-N110A/Y145A were cloned into the lentiviral vector pWPXL by 

substituting the GFP cDNA. 293T cells were co-transfected with the lentiviral 

vector containing the different constructs, the packaging plasmid psPAX2 and the 

envelope plasmid pMD2G. Details of the vectors, the production of high-titer 

viruses and lentiviral transduction can be found through LentiWeb and in [190, 

191]. UV20 CHO cells at 50% confluency were infected with the viral particles 

containing the different ERCC1 recombinant constructs with an MOI of 10 and 

cultured as described above. The transduction efficiency was assessed by 

immunofluorescence. 

 

Local UV irradiation and immunofluorescence 

Cells were seeded and cultured on glass coverslips and processed as 

described [130]. Briefly, cells were covered with a polycarbonate filter with 5 µm 

pores (Millipore) and irradiated with 120 J/m2 using a UV-C Lamp (EL Series, 

UVP, Model UVLS-28). After a recovery period, the cells were washed with PBS, 

permeabilized with 0.2% Triton X-100 in PBS for 30 sec then fixed with 3% 

paraformaldehyde containing 0.2% Triton X-100 for 15 min at RT. Cells were 

washed with PBS containing 0.1% Triton five times. To detect (6-4)PPs, cells 

were treated with 0.07M NaOH in PBS for 5 min and washed. Cells were blocked 

with PBS+ (PBS containing 0.15% glycine and 0.5% BSA) for 30 min then 

incubated with the primary antibodies (mouse monoclonal antibody 64M-2 

against (6-4)PP (kindly provided by Stuart Clarkson, Geneva, Switzerland), 

1:400; rabbit polyclonal antibody FL-297 against ERCC1 (Santa Cruz 
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Biotechnology), 1:300, diluted in PBS+) for 2 hrs under dark and humid 

conditions. After washing out the antibodies with PBS containing 0.1% Triton, 

cells were quickly blocked with PBS+ and incubated with the secondary 

antibodies (Cy3-conjugated goat anti-mouse (Jackson ImmunoResearch), 

1:1500; Alexa-488 conjugated goat anti-rabbit (Molecular Probes, Invitrogen), 

1:800, diluted in PBS+) for 1 hr under dark and humid conditions. After a final 

wash with PBS containing 0.1% Triton the samples were embedded in 

Vectashield mounting medium (Vector) containing DAPI (4’-6’-diamino-2-

phenylindole) at a concentration of 0.1 mg/ml. Cells were analyzed using a 

confocal microscope (Zeiss LSM 510). For quantification, at least 100 cells were 

analyzed and counted each in three independent experiments. 

 

Clonogenic survival assays 

Exponentially growing cells were plated in triplicate in 6 cm dishes at 250-

5,000 cells per plate depending on the cell line and dose of genotoxin used. After 

allowing the cells to adhere overnight, they were exposed transiently to 

genotoxins.  For UV, the media was removed; the cells were washed with PBS, 

irradiated with UV-C (254 nm), then the media replenished. For MMC or cDDP, 

the cells were treated with media containing the drug for 1 h at 37°C, then 

washed twice with PBS and incubated in drug-free media.  To measure ionizing 

radiation sensitivity, cells were irradiated with a 137Cs source.  Four days after 

exposure, the cultures were fixed and stained with 50% methanol, 7% acetic acid 

and 0.1% Coomassie blue.  Colonies (defined as ≥20 cells) were counted using a 

Nikon stereomicroscope with 10x eyepiece.  The data were plotted as the 

number of colonies that grew on the treated plates relative to untreated plates ± 

SEM for a minimum of two independent experiments. 

 

Immunoblotting 

Cells were trypsinized, washed with PBS, and lysed with 100 µl NETT 

buffer (100 mM NaCl, 50 mM Tris base pH 7.5, 5 mM EDTA pH 8.0, 0.5% Triton 

X-100) containing CompleteTM mini protease inhibitor cocktail (Roche Molecular 
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Biochemicals). 60 µg of protein was resolved by SDS-PAGE (8%) and 

transferred to a nitrocellulose membrane.  ERCC1 was detected with antibody D-

10 (for both human and hamster, 1:100, Santa Cruz), or FL-297 (human only, 

1:200, Santa Cruz).  Tubulin (1:200, Abcam) was used as a loading control.  

Secondary antibodies used were: goat anti-rabbit IgG HRP (1:5000, Promega) 

and goat anti-mouse IgG HRP (1:5000, Promega). 
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Introduction 

NER recognizes and repairs a large number of structurally diverse lesions, 

such as those formed by UV-light and environmental mutagens [21]. The striking 

versatility of NER suggested that the NER machinery does not recognize lesions 

per se but rather conformational abnormalities in the DNA induced by them. It 

was shown that chemical modifications of bases were not the only determinant to 

trigger NER [192]. Helical distortion and thermodynamic destabilization that 

disturb normal base-pairing were shown to be parameters that induce repair by 

NER. Consequently, a “bipartite model of substrate discrimination” has been 

proposed positing that NER recognizes thermodynamic destabilization of the 

DNA helix in a first step and subsequently verifies the presence of a chemical 

alteration [192, 193]. It was further shown that the distortion and degree of 

thermodynamic destabilization of the DNA was responsible for the recruitment of 

NER factors  and proportional to the repair efficiency [194-197]. It is so far 

believed that the binding affinity of the recognition factor XPC-RAD23B to the 

damaged DNA is the key determinant of the NER reaction [193, 198, 199]. By 

contrast the question to what extent the nature of the lesion affects subsequent 

steps in NER has received less attention. 

The work of my thesis is concerned with one late step in NER, the XPA-

mediated recruitment of the endonuclease ERCC1-XPF to NER complexes. 

Recruitment of ERCC1-XPF triggers incision of the damaged strand 5’ to the 

lesion, the recruitment of the replication machinery and the second incision 

performed by the endonuclease XPG [57, 200, 201]. The interaction between 

XPA and ERCC1 is essential for NER [46, 106, 202] and based on the structural 

characterization of this interaction [3, 151] we identified residues in both ERCC1 

and XPA that are critical for NER activity [3, 202]. The ERCC1-binding region of 

XPA contains a conserved motif that consists of three consecutive glycines (G72-

74) and a highly conserved phenylalanine (F75) and mutations or deletions in 

this region in XPA abolish NER activity in vitro [3, 106]. In this chapter we 

investigated the effect of mutations of the ERCC1-XPA interaction in vitro and in 
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vivo.  We thus provide the first evidence that the nature of the lesions affects 

specific interactions between NER proteins in late steps of the NER reaction.   

 

Results 

 

ERCC1-binding mutants of XPA are able to recruit ERCC1-XPF to sites of 
UV damage… 
 

Mutating or deleting key residues of the conserved G-rich motif in the 

ERCC1-binding region of XPA resulted in severe defects in NER in vitro ([3], see 

Chapter 2). The inability of XPA mutant proteins (XPA-F75A, XPA-ΔG73 and 

XPA-ΔG73/ΔG74) to restore the NER activity of an XPA-deficient cell extract was 

attributed to the weakened interaction between XPA and ERCC1. We therefore 

assessed whether mutations in XPA prevent recruitment of ERCC1-XPF to sites 

of UV lesions in living cells. XP-A cells were transduced with lentiviral particles 

containing wild-type and mutant XPA cDNAs. The expression and the stability of 

each XPA protein were evaluated by Western blot (Figure 1), indicating that all 

of the lentivirally transduced cells expressed XPA at similar levels. XP-A cells 

expressing either wild-type or mutated XPA protein were UV-irradiated through a 

polycarbonate filter containing 5 µm pores to generate local UV lesions that can 

be detected by immunofluorescence microscopy [24]. One hour after UV 

irradiation, the cells were fixed, and the presence of 6-4 photoproducts (6-4PPs) 

and of ERCC1 at sites of UV damage was monitored by immunofluorescence. As 

expected, in cells expressing XPA-WT proteins ERCC1 was found to colocalize 

with UV photoproducts (Figure 2A). Surprisingly, in cells expressing XPA-F75A, 

ERCC1 also perfectly colocalized with sites of UV lesions (90% estimated 

colocalization) and cells expressing XPA-ΔG73 and XPA-ΔG73/ΔG74 showed 

intermediate levels of ERCC1 recruitment to UV lesions (50-60% estimated 

colocalization) (Figure 2A). These results indicate that the single point mutation 

(F75A) or the deletion of one or two glycines in the highly conserved G-motif of 

XPA is not sufficient to disrupt the interaction between XPA and ERCC1 in vivo. 
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These observations suggest that interaction with another region of ERCC1 or 

interactions between ERCC1-XPF and other protein can compensate for the loss 

of contacts caused by the mutations or deletions in the GGGF-motif of XPA.  

 

…but they are deficient in repairing UV-lesions 
 

Although XPA-F75A, XPA-ΔG73 and XPA-ΔG73/ΔG74 were recruited to 

sites of UV damage in living cells, these proteins were unable to support NER in 

vitro. To determine whether these mutant XPA proteins support the repair of UV 

lesions in vivo, we analyzed the presence of UV lesions at 24 hours after UV 

irradiation. As expected, cells expressing wild-type XPA efficiently removed UV 

lesions and the ERCC1 protein was homogenously distributed throughout the 

nucleus (Figure 2B). By contrast, in cells expressing either XPA-F75A, XPA-

ΔG73 or XPA-ΔG73/ΔG74 the damage still persisted and ERCC1-XPF was 

found at sites of UV lesions at this time point (Figure 2B). These results show 

that despite the ability of the XPA mutants to recruit ERCC1-XPF to sites of UV 

damage, they are not able to repair UV lesions, confirming the defect in the NER 

activity of the XPA mutants established in in vitro experiments (see Chapter 2).  

                        
 
Figure 1. Expression levels of XPA in transduced XP-A cells. Transduced cells express 
XPA protein tagged with hemagglutinin (HA). 30 µg protein were loaded on a 10% SDS-gel. 
XPA proteins were detected using a polyclonal rabbit antibody (1:800). PCNA was used as a 
loading control and detected using a monoclonal mouse antibody (Dako Cytomation, 1:1500).  
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Figure 2. Mutations in the ERCC1-binding domain of XPA do not impair the recruitment 
of ERCC1 to sites of damage sites but affect the repair of UV lesions. A) XP-A cells 
expressing wild-type of mutant XPA were UV-irradiated at dose of 120 J/m2 through a 
polycarbonate filter with 5 µm pores. One hour after UV exposure cells were fixed and stained 
for 6-4 photoproducts (red) and ERCC1 (green). The nuclei were stained with DAPI (blue). B) 
Same as in A except the cells were fixed and treated for immunofluorescence 24 hours after 
UV irradiation (120 J/m2). 
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The nature of the substrate affects late steps in NER 
Having established that the ERCC1 and XPA mutants, containing 

mutations in the respective interacting domains, displayed impaired NER activity 

both in vitro and in vivo, we assessed whether the different NER lesions would 

influence the repair rates of the mutants. We have previously shown that the 

XPA67-80 peptide acts as a specific inhibitor in the NER reaction of 1,3-intrastrand 

cisplatin lesions ([3], see Chapter 2). Similarly, XPA mutants, carrying mutations 

in the ERCC1-binding region, displayed only marginal in vitro NER activity on this 

substrate ([3], see Chapter 2). Like 1,3-intrastrand cisplatin crosslinks, 

acetylaminofluorene (AAF) adducts induce thermodynamic destabilization and a 

severe degree of distortion in the DNA helix and are therefore efficiently repaired 

by the NER machinery [203, 204]. We first compared the ability of the XPA67-80 

peptide to inhibit the NER activity of cisplatin or AAF adducts in HeLa cell-free 

extracts (Figure 3A). The XPA67-80 peptide inhibited the excision of the platinated 

DNA substrate already in the low micromolar range (4.6 µM), whereas a 

concentration of the peptide of 138 µM (30-fold increase) was needed to obtain a 

similar degree of inhibition with the AAF substrate. To better understand whether 

this difference was specific to NER inhibition by this peptide or whether it was 

intrinsic to changes in the XPA-binding pocket of ERCC1, we compared the NER 

activity of the XPA-F75A mutant on cisplatin and AAF lesions. As expected, XPA-

WT protein efficiently excised both lesions (Figure 3B, lanes 1-8), whereas 

neither lesion was repaired in the absence of XPA protein (data not shown). 

Interestingly, XPA-F75A, which we have previously shown to be completely 

deficient in processing cisplatin 1,3-intrastrand crosslinks (Figure 3B, lanes 9-12,  

[3]), showed reduced, but significant, repair activity on AAF substrates (Figure 
3B, lanes 13-16). We also tested whether XPA-ΔG73 and XPA-ΔG73/ΔG74 as 

well as ERCC1-N110A/Y145A, all of which had minimal or no NER activity on 

cisplatin adducts in vitro and 6-4PPs in vivo, were similarly able to repair AAF 

adducts. Intriguingly, all of these mutant XPA and ERCC1 proteins 

complemented the repair activity of AAF adducts in XPA- or ERCC1-deficient cell 

extracts to a significant degree (Figure 3C). These results demonstrate that 
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mutations in ERCC1 and XPA affect the repair of at least three different NER 

lesions in different ways. To best of our knowledge these data are the first 

demonstration that the nature of the substrate influences the rate of NER not only 

during the recognition and verification of the lesion, but also in subsequent steps 

in NER.  

 
 

    
Figure 3. In vitro NER activity of ERCC1 and XPA mutants on cisplatin and AAF lesions. A) 
The in vitro NER inhibition of the XPA67-80 peptide varies with different substrates. HeLa cell extract 
was incubated with increasing concentrations of the XPA67-80 peptide in the presence of a plasmid 
containing either a 1,3-intrastrand crosslink or an AAF adduct. Products were visualized by a fill-in 
reaction following annealing to an oligonucleotide complementary to the excision product with a 4-nt 
overhang [4]. The marker DNA ladder is labeled Low Molecular Weight DNA ladder. B/C) XPA and 
ERCC1 mutants repair different lesions with different efficiency. In B, XP-A cell extract was 
complemented with either XPA WT or XPA F75A (lanes 1, 5, 9 and 13: 20 nM; lanes 2, 6, 10 and 
14: 50 nM; lane 3, 7, 11 and 15: 80 nM; lanes 4, 8, 12 and 16: 110 nM) in the presence of a plasmid 
containing either a 1,3-intrastrand cisplatin crosslink or an AAF adduct. Products were visualized as 
in A). In C, XP-F cell extract was complemented with either ERCC1 WT or ERCC1 N110A/Y145A, 
XP-A cell extract was complemented with either XPA ΔG73 or XPA ΔG73/ΔG74 in the presence of a 
plasmid containing either a 1,3-intrastrand cisplatin crosslink or an AAF adduct. Protein 
concentrations were 20 and 80 nM. Products were visualized as in A).  
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Discussion 

 

A second XPA-binding region in ERCC1? 
 

In this chapter we have demonstrated that mutations in the highly 

conserved G-rich motif in XPA impair the repair of UV lesions. Although all the 

investigated XPA mutants were able to recruit ERCC1-XPF to sites of damage 

(Figure 2A), the lesions still persisted 24 hours after UV irradiation (Figure 2B). 

Preliminary clonogenic survival assays also showed high sensitivity of cells 

expressing the XPA mutants towards UV light (McClendon TB and Niedernhofer 

LJ, unpublished data), confirming the in vivo NER defect. The fact that ERCC1-

XPF is still recruited to UV lesions if the XPA-ERCC1 interaction face is mutated 

and that these mutations still permit the repair of dG-AAF lesions at reduced 

levels suggests that additional interaction surfaces between ERCC1-XPF and 

other NER proteins facilitate the overall reactions. Such interaction partners may 

include the RPA protein [200] or the XPB subunit of TFIIH [27]. Based on the 

observations outlined below, we hypothesize that a second interaction surface 

between XPA and ERCC1 is required for full NER activity. In addition to the 

GGGF-motif, XPA contains a stretch of eight glutamic acid residues and 

mutations in those residues leads to partial sensitivity to UV irradiation [106]. We 

propose that these acidic residues might interact with basic ERCC1 residues 

located adjacent to the XPA-binding pocket, in particular K114 and R117 (Figure 

4). We have generated cell lines expressing ERCC1-K114E/R117E and 

preliminary clonogenic survival assay indicated that cells expressing ERCC1-

K114E/R117E are approximately as sensitive to UV irradiation as cells 

expressing ERCC1-N110A/Y145A (McClendon, TB and Niedernhofer LJ, 

unpublished data). We are currently purifying the recombinant mutant ERCC1 

proteins, ERCC1-K114E/R117E and ERCC1-N110A/K114E/R117E, as 

heterodimers with XPF, to test for their NER activity on various substrates in 

vitro. We predict that at least the triple mutant will have lower activity on all NER 

substrates than ERCC1-N110A. In addition, we generated cell lines expressing 
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these mutants to study the recruitment of the mutant ERCC1 proteins to sites of 

UV lesions. Here too, we expect the triple mutant, ERCC1-N110A/K114E/R117E, 

to have a more severe defect in NER activity and localization to sites of UV 

damage than the double mutant because of the disruption of contacts in the two 

XPA binding regions.  

 

 

 

 

 

         
 
Figure 4. A second putative XPA-binding region in ERCC1. Structure of the central domain 
of ERCC1 (green) in complex with the XPA67-80 peptide (pink) (figure adapted from [3]. A) 
ERCC1 residues (atom colors) N110 and Y145 are located in the groove that accommodates 
the XPA peptide. Residues K114 and R117 are located on the surface adjacent the XPA-
binding groove. B) Predictive model on how the glutamic acid cluster of XPA (deep purple) 
folds over the central domain of ERCC1. ERCC1 residues K114 and R117 are proposed to be 
involved in the interacting with XPA. 
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Repair efficiency of ERCC1 and XPA mutants varies with different lesions 
 

The broad specificity of NER to deal with different types of lesions relies 

on its multi-partite recognition model. It is not the chemical modification of the 

DNA bases that triggers the recruitment of the NER proteins, but rather abnormal 

thermodynamic and structural parameters of the DNA helix induced by lesions. 

The initial damage recognition factor XPC-RAD23B, involved in the detection of 

lesions throughout the genome, senses the distortion in the helix and its 

destabilization. The greater the destabilization induced by the lesion the better 

the lesion is repaired (for a review see [21]. These structural and dynamic 

variations affect only early steps in the NER reaction, such as the binding of 

XPC-RAD23B to the damaged DNA and the unwinding of the two strands by 

TFIIH around the lesion, without influencing the coordinated recruitment of 

subsequent NER factors. 6-4 photoproducts (6-4PPs) are one of the major 

lesions caused by UV-light together with cyclobutane pyrimidine dimers (CPDs). 

Unlike CPDs, 6-4PPs induce a pronounced distortion in the DNA [205] making 

them a much better substrate for NER than CPDs [193, 198, 206]. Reaction of 

cisplatin with DNA generates a variety of adducts which confer different 

constraints on the DNA. 1,3-intrastrand crosslinks induce a higher degree of 

unwinding and base pair distortion than 1,2-intrastrand crosslinks [207], 

accounting for the their higher repair rate by NER [208-210]. A similar scenario is 

seen between the guanosine adducts aminofluorene (AF) and acetyl-

aminofluorene (AAF). AF is pretty flexible and can intercalate in the major groove 

without disturbing any base pairing, whereas the acetyl group on AAF forces the 

compound to take a syn conformation around the glycosidic bond, making the 

formation of a regular Watson-Crick base-pair of dG-AAF impossible. Instead, 

the AAF moiety is placed inside the helix and the dG residue is dislodged to the 

major groove. This leads to a destabilization of the DNA helix and the more 

efficient repair of AAF versus AF adducts [203, 204].  

In this chapter we have demonstrated that ERCC1 and XPA, harboring 

mutations that affect the binding between the two proteins, process 6-4PPs, 

cisplatin and AAF lesions with different efficiencies. This is the first indication that 
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the nature of the lesion influences specific interactions that occur only in steps 

subsequent to damage recognition and verification in NER. ERCC1 

N110A/Y145A and the XPA deletion mutants (XPA ΔG73 and XPA ΔG73/ΔG74) 

displayed a remarkable difference in processing a plasmid containing either a 

cisplatin 1,3-intrastrand crosslink or an AAF adduct. The different repair rates 

suggest that the nature of the lesion does not only influence the initial recognition 

of damage, but also the subsequent assembly of other NER factors, including 

XPA and ERCC1. Possibly, in the presence of an AAF adduct a greater opening 

of the double helix takes place, which allows a better positioning of late NER 

factors on the DNA and hence a more efficient incision of the DNA strand around 

the lesion. The introduced point mutations in ERCC1 and XPA weaken the 

interaction between the two proteins and that results in the formation of a less 

stable complex of the proteins with the DNA and other NER factors. A yet to be 

defined structural property of the dG-AAF/NER complex can apparently more 

efficiently compensate the weakening of the XPA-ERCC1 interaction. Comparing 

the composition of NER complexes in response to different lesions in one 

system, for example in living cells, would provide mechanistic insights into how 

NER processes different lesions. While local irradiation approaches are 

intrinsically limited to the generation of UV adducts, other approaches can be 

applied to the study of additional lesions in the same system. Fousteri et al have 

developed an NER-specific chromatin immunoprecipitation (ChIP) technique, 

based on an in vivo crosslink approach, to specifically study the composition of 

transcription-coupled repair (TCR) complexes in response to UV irradiation [211]. 

In their work they showed that TCR specific proteins, including CSA and CSB, 

are recruited to stalled RNA polymerase in response to UV irradiation. They 

further demonstrated that the presence of CSB in the TCR complexes is 

necessary for the recruitment of subsequent NER factors, such as TFIIH and 

XPG [211]. This technique could be expanded to study NER complexes in cells 

expressing ERCC1 or XPA mutant proteins in response to cisplatin, NA-AAF (N-

acetoxy-2-acetylaminofluorene, the metabolic precursor of AAF) and UV 

treatment. Based on the in vitro experiments significant differences are expected 
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in the recruitment of ERCC1-XPF and other late factors depending on the lesion 

and on the mutations in ERCC1 or XPA.  

 

Material and methods 

 

Cell culture conditions and cell transduction 

SV40-transformed human fibroblasts XP20S (XPA-deficient) were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) supplemented with 

10% fetal bovine serum and penicillin/streptomycin at 37 °C in the presence of 

5% CO2.  

XPAWT, XPAF75A, XPAΔG73 and XPAΔG73/ΔG74 cDNAs were cloned 

into the pWPXL lentiviral vector by substituting the GFP gene.  Lentiviruses 

containing the different constructs were generated as described earlier [202] and 

LentiWeb (www.lentiweb.com). XP-A (XP20S) cells at 50% confluency were 

infected with the viral particles containing the different XPA recombinant 

constructs with a multiplicity of infection of 10 and cultured as described above. 

The transduction efficiency was assessed by immunofluorescence. 

 

Immunoblotting 

Cells were scraped in PBS from culture dish, washed twice with PBS and 

lysed with 300 µl lysis buffer (50 mM potassium phosphate, 10% glycerole, 0.1% 

NP-40, 1 mM phenylmethanesulfonylfluoride, 5 mM β-mercaptoethanol, protease 

inhibitors cocktail tablet (Complete, Roche)). 30 µg of protein was resolved by 

SDS-PAGE (10%) and transferred to a PVDF membrane (Hybond-LFP, GE 

Healthcare). XPA was detected with a polyclonal rabbit antibody (1:800, FL-273, 

Santa Cruz Biotechnology). PCNA (1:1500, monoclonal mouse Clone PC-10, 

DakoCytomation) was used as a loading control. Secondary antibodies were: 

AlexaFluor488 conjugated goat anti-rabbit IgG, Invitrogen, (1:800); Cy3-

conjugated goat anti-mouse, JacksonImmunoResearch Laboratories (1:1500). 

 



 78 

Local UV irradiation and immunofluorescence 

Cells were seeded and cultured on glass coverslips and processed as 

described [130, 202]. Briefly, cells were covered with a polycarbonate filter 

containing 5 µm pores (Millipore) and irradiated with 120 J/m2 UV light using a 

UV-C Lamp (EL Series, UVP, Model UVLS-28). The cells were incubated in 

culturing medium for different time points before being washed with PBS and 

permeabilized with PBS/0.2% Triton X-100 for 30 sec. Cells were fixed with 

paraformaldehyde containing 0.2% Triton X-100 for 15 min at room temperature 

and subsequently washed 5 times with PBS/0.1% Triton X-100. To detect the 

photoproducts, cells were treated with 0.07M NaOH in PBS for 5 min at room 

temperature and washed again with PBS/0.1% Triton X-100 as before. Cells 

were blocked with PBS+ (PBS containing 0.15% glycine and 0.5% BSA) for 30 

min and then incubated with primary antibodies diluted in PBS+ for 1.5 hrs at 

room temperature under dark and humid conditions. Cells were washed again 

with PBS/0.1% Triton X-100, blocked quickly with PBS+ and then incubated with 

secondary antibodies diluted in PBS+ for 1 hr at room temperature under dark 

and humid conditions. After a final wash with PBS/0.1% Triton X-100, cells were 

briefly rinsed with PBS and mounted on microscope slides using Vectashield 

(Vector) mounting medium containing DAPI (4’-6’-diamino-2-phenylindole) at a 

concentration of 0.1 mg/ml. Cells were analyzed using a confocal microscope 

(Zeiss LSM 510). 

The following antibodies were used for immunofluorescence detection. 

Primary antibodies: mouse monoclonal anti-(6-4) photoproducts (6-4PPs), 

Cosmo Bio Co. (1:400); rabbit polyclonal anti-ERCC1, SantaCruzBiotechnology 

(1:100). Secondary antibodies: AlexaFluor488 conjugated goat anti-rabbit IgG, 

Invitrogen, (1:800); Cy3-conjugated goat anti-mouse, JacksonImmunoResearch 

Laboratories (1:1500). 

 

In vitro NER assay 

This assay was performed using an established protocol (Shivji et al, 

1999). Cell extracts and plasmid containing 1,3-intrastrand cisplatin adduct were 
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prepared as described previously [4]. The preparation of the plasmid containing 

the AAF-modified base was prepared as described previously [204]. HeLa (2 µl), 

XP-A (3 µl) or XP-F (3 µl) cell extract, 2 µl of 5x repair buffer (200 mM Hepes-

KOH, 25 mM MgCl2, 110 mM phosphocreatine (di-Tris salt, Sigma), 10 mM ATP, 

2.5 mM DTT and 1.8 mg/ml BSA, adjusted to pH 7.8), 0.2 µl 2.5 mg/ml creatine 

phosphokinase (rabbit muscle CPK, Sigma) and either purified XPA peptide, 

XPA or ERCC1-XPF protein (final NaCl concentration was 70 mM) in a total 

volume of 10 µl were pre-incubated at 30°C for 10 min. One µL of a covalently-

closed circular DNA plasmid (50 ng) containing either the 1,3-interstrand cisplatin 

crosslink or the AAF adduct was added before incubating the mixture at 30 °C for 

45 min. After placing the samples on ice, 0.5 µl of 1 µM of a complementary 

oligonucleotide (see below) was added and the mixtures heated at 95 °C for 5 

min. The samples were allowed to cool down at room temperature for 15 min to 

allow the DNA to anneal. One µL of a Sequenase/[α-32P]-dCTP mix (0.5 units of 

Sequenase and 2.5 µCi of [α-32P]-dCTP per reaction) was added before 

incubating at 37 °C for 3 min, 1.2 µl of dNTP mix (100 µM of each dATP, dTTP, 

dGTP; 50 µM dCTP) was added and the mixture incubated for another 12 min. 

The reactions were stopped by adding 8 µl of loading dye (90% formamide/10 

mM EDTA) and heating at 95 °C for 5 min. The samples were run on a 20% 

sequencing gel (0.5x TBE) at 45 W for 2.5 hrs. A low molecular weight DNA 

marker (New England Biolabs) was used as a reference after end-labeling the 

DNA with [α-32P]-dCTP and Klenow fragment polymerase. The reactions 

products were visualized using a PhosphorImager (Typhoon 9400, Amersham 

Biosciences).  

 

Complementary oligonucleotides: 

To detect DNA fragment containing 1,3-intrastrand cisplatin crosslink: 

35-mer: 5’-GGGGGAAGAGTGCACAGAAGAAGACCTGGTCGACCp-3’ 

To detect DNA fragment containing AAF adduct: 

34-mer: 5’-GGGGCATGTGGCGCCGGTAATAGCTACGTAGCTCp-3’ 
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interstrand crosslink repair 
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Introduction 

 
Structure-specific endonucleases are a group of proteins that cut specific 

DNA structures in a number of essential processes such as DNA repair, 

replication and recombination. The activity of these enzymes needs to be tightly 

regulated to avoid the inadvertent or excessive incision of DNA that could be 

deleterious for the cell. One prototypical endonuclease is ERCC1-XPF with roles 

in several DNA repair pathways, including nucleotide excision repair (NER), 

interstrand crosslink (ICL) repair, homologous recombination and telomere 

maintenance. These diverse roles of ERCC1-XPF are manifested in the complex 

and severe phenotype caused by mutations in these two genes in humans and 

mice that include early death, progeria and developmental abnormalities [71, 99]. 

An important question is therefore to understand which one of these functions 

contributes to the severe phenotype of ERCC1-XPF deficiency and how the 

endonuclease activity is targeted to various repair pathways. 

Currently, we know most about the involvement of ERCC1-XPF in NER, 

where the protein performs the incision 5’ to a lesion [21]. Following recognition 

of the damage by XPC-RAD23B and formation of a stable pre-incision complex 

involving TFIIH, XPA, RPA and XPG, ERCC1-XPF is recruited to NER 

complexes by interaction with the XPA protein. Early on it was shown that XPA 

cells in which the ERCC1-XPA interaction is abolished are highly UV-sensitive 

[106]. The structural basis for this interaction has recently been elucidated and 

has identified a well-defined groove in the central domain of ERCC1 as the XPA-

binding pocket [3, 151]. Mutations in the binding pocket of ERCC1 or in the 

GGGF motif in XPA that is accommodated in it interfere with NER activity in vitro 

and in vivo [3, 202]. 

By contrast, we know less about how ERCC1-XPF is recruited to other 

DNA repair pathways. A tempting idea is that the well-defined groove in ERCC1 

would serve as an interaction site for other proteins. However, we have shown 

that the XPA-binding site in ERCC1 is a specific NER element, since mutations in 

this region specifically impaired the NER function of the endonuclease without 
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affecting its role in other DNA repair pathways, such as interstrand crosslink 

(ICL) repair and double-strand break (DSB) repair via homologous recombination 

(Chapter 3 [202]).  

A possible clue as to how ERCC1-XPF might be recruited to repair ICLs 

was provided by a number of recent papers characterizing the human SLX4 

protein [65-67, 177]. Proteins of the SLX4 family interact with different structure-

specific endonucleases, including SLX1, MUS81/EME1 and ERCC1-XPF, and 

might therefore have a key role in directing the activity of various endonucleases. 

Together with SLX1, SLX4 forms a structure-specific endonuclease with the 

ability to solve Holliday junctions as well as various types of flap structures [68, 

212]. In an SLX1-independent way, SLX4 interacts with Rad1-Rad10, the yeast 

homolog of ERCC1-XPF, in the repair of double strand breaks during single 

strand annealing [213]. The Drosophila counterpart of SLX4, MUS312, interacts 

with the XPF homolog MEI9 in resolving meiotic DNA intermediates [173]. 

Although the true function(s) of human SLX4 remains to be determined, a striking 

observation is that cells depleted of SLX4, but not SLX1, are highly sensitive to 

crosslinking agents [65, 66]. It has therefore been suggested that SLX4 has a 

role in ICL repair that involves the coordination of the nuclease activities of 

ERCC1-XPF and MUS81-EME1, with whom SLX4 interacts through distinct 

domains in the N- and C-terminal halves, respectively [66]. Similarly, mutations in 

MUS312 renders cells sensitive to treatment with crosslinking agents [173]. Yildiz 

et al identified a point mutation in MEI9 that abolishes its interaction with 

MUS312 [173] and the equivalent substitution in human XPF (G325E) also leads 

to the disruption of the interaction of XPF with SLX4 [177].  

Based on these observations, we set out to identify regions in ERCC1-

XPF that are specifically required to target the endonuclease to sites of ICL 

repair. Our studies show that specific mutation in the N-terminal helicase-like 

domain of XPF renders cells specifically sensitive to crosslinking agents without 

affecting NER activity. Our studies demonstrate that NER and ICL repair 

functions of ERCC1-XPF can be separated by blocking specific protein-protein 

interactions and provide an opportunity to assess how various repair pathways 
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contribute to the complex and severe phenotype displayed by ERCC1- and XPF-

deficient cells and patients.  

 

Results 

 
Following up on our demonstration that mutations in the XPA-binding 

pocket of ERCC1 affect NER, but not ICL repair activity (Chapter 3 [202]), we 

aimed to identify other regions in ERCC1-XPF that might selectively affect its 

function in ICL repair. We pursued the hypothesis that the N-terminal helicase-

like region of XPF mediates the recruitment of ERCC1-XPF to sites of ICL repair 

based on two main findings. First, we targeted the interaction between XPF and 

the SLX4 protein since both proteins have been shown to play a role in 

processing ICLs [66]. SLX4 interacts with XPF via the N-terminal MUS312/MEI9 

interaction-like region (MLR) [66, 173] and mutation of the conserved residue 

Gly325 to Glu abolishes the interaction between the two proteins in a yeast two 

hybrid system [177]. Second, we have serendipitously found that expression of 

an N-terminally GFP tagged in XPF protein in XP-F cells corrects the sensitivity 

of these cells to UV irradiation, but not towards ICL-forming agents 

(Niedernhofer, L. J., unpublished data), suggesting that the GFP tag selectively 

abolishes ICL repair, possibly by disturbing a protein-protein interaction mediated 

by the N-terminus of XPF. 

 To test our hypothesis that various parts of the N-terminal domain of XPF 

mediate protein-protein interactions for targeting the endonuclease to sites of ICL 

repair we set out to generate cells lines expressing XPF with various mutations in 

the N-terminal SF2-helicase like domain. We generated a putative SLX4-

interaction mutant (G325E), tagged the N-terminus XPF with HA (HA-XPF, a 

smaller addition than the GFP protein) and deleted the first five amino acids 

(Δ5N-XPF, to test whether the N-terminus itself is required for an interaction) 

(Figure 1). XPF-deficient cells (XP2YO) were transduced with recombinant 

lentiviral vectors expressing wild-type and mutant XPF cDNAs as described 

previously [201, 214]. These newly generated cell lines were used along with XP-
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F cell lines complemented with wild-type and an active site mutant (D676A) XPF 

protein [79, 201] and ERCC1-deficient cells complemented with NER-deficient 

(N110A/Y145A) ERCC1 protein [202] to test how these modifications of ERCC1-

XPF affect the various repair functions of the nuclease. 

 

 
 

XPF proteins with mutations in the N-terminus localize to sites of UV 

damage and efficiently repair UV lesions 
 

We first tested the NER activity of the various cells expressing XPF and 

ERCC1 mutants by monitoring the recruitment of ERCC1-XPF to sites of UV 

lesions. Cells were UV-irradiated through a polycarbonate filter containing 5 µm 

pores to generate local UV damage in the cell nuclei [24] and one hour after UV 

exposure the cells were fixed. The presence of 6-4 photoproducts (6-4PPs), a 

major lesion caused by UV, and of ERCC1-XPF proteins at sites of damage were 

visualized by immunofluorescence microscopy. As expected, in cells expressing 

wild-type XPF the endonuclease co-localized completely with the photoproducts 

(Figure 2A). Cells expressing either XPF-G325E, HA-XPF or Δ5N-XPF showed 

a similar behavior (Figure 2A), indicating that mutations in the N-terminal region 

of XPF do not affect the recruitment of ERCC1-XPF to sites of UV damage. In 

 
 
Figure 1. Schematic representation of the ERCC1-XPF protein. The mutations introduced 
into the protein to generate the different ERCC1-XPF mutant proteins are shown in red: the 
single amino acid substitution G325E, the addition of the HA tag and deletion of the first five 
amino acids. Additionally, XPF-D676A is an active site mutant and ERCC1-N110A/Y145A is a 
NER-specific deficient mutant. The functional domain of XPF are shown: the SF2 helicase-like 
domain (light blue), the nuclease domain (yellow) and the tandem helix-hairpin-helix (HhH)2 
domain (light purple).  
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cells expressing the catalytically inactive mutant XPF-D676A the endonuclease 

was similarly found at sites of UV lesions (Figure 2A), confirming our previous 

results that the nuclease activity of XPF is not required for recruitment of ERCC1-

XPF to NER complexes [201]. By contrast, as previously shown, mutations in the 

XPA-binding region of ERCC1 negatively affect the localization of the protein to 

sites of damage (Chapter 3 [202]) (Figure 2A).  
The same experiment was used to assess that the overall NER activity of 

these cell lines by monitoring the presence of UV lesions and ERCC1-XPF 24 

hours after UV exposure. In normal cells, the repair of 6-4PPs occurs within 4-8 

hours [215], therefore any detection of 6-4PPs after that time would indicate a 

defect in NER activity. Accordingly, in cells expressing the catalytically inactive 

XPF-D676A mutant and the ERCC1-N110A/Y145A mutant unable to bind to XPA 

6-4PPs were still present 24 hours after UV irradiation (Figure 2B). By contrast, 

in cells expressing XPF wild-type proteins no 6-4PPs were detected and ERCC1 

was homogeneously distributed throughout the nucleus (Figure 2B). Similarly, in 

cells expressing XPF-G325E, HA-XPF or Δ5N-XPF no spots containing UV 

lesions or ERCC1 were detected 24 hours after UV exposure (Figure 2B). These 

data demonstrate that none of our mutations in the N-terminal region of XPF 

interfere with the NER activity of ERCC1-XPF.  
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Figure 2. Localization of ERCC1-XPF mutants to sites of UV damage. A) XP-F cells 
expressing XPFwt, XPF-G325E, HA-XPF, Δ5N-XPF or XPF-D676A and ERCC1-deficient 
UV20 cells expressing ERCC1-N110A/Y145A were UV-irradiated at dose of 120 J/m2 through 
a polycarbonate filter with 5 µm pores. One hour after UV exposure cells were fixed and 
stained for 6-4 photoproducts (red) and ERCC1 (green). The nuclei were stained with DAPI 
(blue). B) Same as in A except the cells were fixed and treated for immunofluorescence 24 
hours after UV irradiation (120 J/m2). 
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XPF proteins with mutations in the N-terminus inhibit ICL repair but not 

NER 
Having established that the mutations in the N-terminal half of the XPF 

protein do not interfere with the ability of ERCC1-XPF to be recruited to sites of 

UV lesions, we assessed whether this region is important for the activity of 

ERCC1-XPF in ICL repair. To test this, XP-F cells expressing XPF wild-type, 

XPF-G325E or XPF-Δ5N were tested for their sensitivity to UV irradiation and the 

crosslink-forming agent mitomycin C (MMC) by clonogenic survival assays 

(Figure 3). As expected, XPF-deficient cells (XP2YO) were hypersensitive to 

both genotoxins, whereas expression of wild-type XPF corrected the sensitivity to 

both genotoxins. However, cells expressing either XPF-G325E or XPF-Δ5N were 

significantly sensitive to MMC than the corrected cell line (Figure 3A), 

demonstrating that mutations in the N-terminal half of XPF affect survival ability 

after exposure to crosslink forming agents. By contrast, all the XPF mutations 

showed resistance to UV irradiation (Figure 3B). These results show that the 

activity of ERCC1-XPF in ICL repair is mediated by proteins binding to the N-

terminal half of XPF. Furthermore, these observations provide further evidence 

that the activity of ERCC1-XPF in different repair pathways is regulated by 

specific protein-protein interactions involving specific regions of ERCC1-XPF.  

 

 
 
Figure 3. Mutations in the N-terminal half of XPF inhibit ICL repair but not NER. A-B. 
Clonogenic survival assays to measure the sensitivity of XP-F cells (XP2YO) (blue circles), 
and XP-F cells expressing XPF-WT (black diamonds), XPF-G325E (red squares) and XPF-
Δ5N (green triangles) to mytomycin C (MMC) (A) or UV-C (B). Experiments performed by 
Advaitha Madireddy. 
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Discussion 

Regulation of ERCC1-XPF in DNA repair  
 

Structure-specific endonucleases are essential components of most DNA 

repair pathways, where they perform incisions of specific DNA intermediates 

necessary to remove lesions from the DNA and to resolve complex intermediate 

structures. Such DNA cutting enzymes could however prove to be a liability for 

cells since their activity, if not properly regulated, can lead to chromosome 

rearrangements and genome instability. Often such endonucleases can 

contribute to diverse pathways. One example of such a multifunctional structure-

specific endonuclease is ERCC1-XPF, which participates in NER [28], interstrand 

crosslink (ICL) repair [89, 90] and homologous recombination (HR) [92]. Our 

previous work has shown that the activity of ERCC1-XPF is regulated through 

interaction with XPA in NER (Figure 4) (Chapter 2 and 3 [3, 202]) and that 

mutations in the XPA interaction domain of ERCC1 affect NER, but not other 

repair pathways (Chapter 3 [202]). Here we show that at least two regions in the 

N-terminal domain of XPF are involved in targeting the protein to ICL repair 

pathway(s). A point mutation (G325E) that abolishes the interaction with SLX4, a 

possible regulatory protein of various nuclease activities [173, 177] as well as 

mutations in the extreme N-terminus of XPF abolish the ICL repair activity of 

ERCC1-XPF. At present we do not know what the interaction partner of this latter 

region of XPF is. 

The N-terminal half of XPF is made up of a helicase-like domain of the 

superfamily 2 helicases. In contrast to canonical SF2 proteins this XPF region 

lacks residues necessary for ATP hydrolysis [77] and contains a leucine rich 

insert between the two RecA-like domains that is made up of four parallel α-

helices in the related archeal Hef protein [118]. Based on these structural 

features, it has been suggested that it contributes to specific ss/ds DNA junctions 

binding of ERCC1-XPF [81]. Interestingly, however, the truncated form of 

ERCC1-XPF missing the N-terminal half of XPF retained some low levels of 

nuclease activity on model substrates in vitro, suggesting that it might have roles 
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in addition to DNA binding [80]. Indeed, in the present study we show that the N-

terminal region of XPF is specifically required for proper functioning of ERCC1-

XPF in ICL repair likely by mediating protein-protein interactions relevant to ICL 

repair (Figure 4). Present work in our laboratory is aimed at defining these 

interactions and the domains in XPF that mediate them in detail.  

 

 
 
In conclusion, our work demonstrates that the functions of ERCC1-XPF 

can be dissected by targeting specific protein-binding regions in the 

endonuclease. Applying these molecular findings into an animal model would 

allow us to confirm the hypothesis that the accelerated aging in ERCC1- and 

XPF-deficient patients and mice is due to a defect in ICL repair. Transgenic mice 

expressing XPF-G325E, a mutant specifically sensitive to crosslink forming 

agents, is expected to display the severe phenotype identical to ERCC1-/- and 

XPF-/- mice [99, 216]. The results from these experiments will yield critical new 

information about the types of DNA lesions that drive replicative senescence and 

 
 
Figure 4. Speculative model describing the regulation of ERCC1-XPF nuclease activity 
in different DNA repair pathways.  The functional domains of each protein are shown. The 
N-terminal half of XPF is required for targeting the endonuclease to sites of ICL repair, 
possibly mediated by the interaction of SLX4 with XPF. XPA recruits ERCC1-XPF to NER 
complexes by binding to the central domain of ERCC1. 
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aging, which has important implications for understanding the biology of aging 

and how ERCC1-XPF mediates resistance of tumors to crosslinking agents such 

as cisplatin.  

 

 

Materials and methods 

 
Cell culture conditions and cell transduction 

SV40-transformed human fibroblasts XP2YO (XPF-deficient, GM08437) 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) 

supplemented with 10% fetal bovine serum and penicillin/streptomycin at 37 °C 

in the presence of 5% CO2.  

The lentivector XPFwt-pWPXL (containing a C-terminal HA-tag) was used 

as a PCR template to generate the following constructs: HA-XPFwt (HA-tag at 

the N-terminus), Δ5N-XPFwt (deletion of first five amino acids) and XPF-G325E.  

The following primers were used for PCR (restriction sites are underlined and 

indicated, modified nucleotides are shown in italics, HA tag sequence is 

highlighted in green): 

XPF-G325E: GGTCAGAATTCAGAGTGGCTGTTTCTAGACTCCAGCACCTCG (XbaI) 

HA-XPF: (MluI) 
GCGTCACGCGTATGTATCCCTACGACGTACCAGATTACGCCGGAGGAGCGCCGCTGCTGG 
Δ5N-XPF: GCGTCACGCGTATGGAGTACGAGCGACAGCTGGTCCTGG (MluI) 
 
The PCR products were purified using PCR Purification Kit (Qiagen) and the 

constructs HA-XPF and Δ5N-XPF were subcloned into the XPFwt-pWPXL 

lentivector using the restriction enzymes EcoRI and MluI. Lentiviruses containing 

the different constructs were generated as described previously [202] and on the 

LentiWeb. XP-F cells at 50% confluency were infected with the viral particles 

containing the different XPF recombinant constructs with a multiplicity of infection 

of 10 and cultured as described above. The transduction efficiency was assessed 

by immunofluorescence. 
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Local UV irradiation and immunofluorescence 

Cells were seeded and cultured on glass coverslips and processed as 

described [130]. Briefly, cells were covered with a polycarbonate filter containing 

5 µm pores (Millipore) and irradiated with 120 J/m2 UV light using a UV-C Lamp 

(EL Series, UVP, Model UVLS-28). The cells were incubated in culturing medium 

for different time points before washing with PBS and permeabilized with 

PBS/0.2% Triton X-100 for 30 sec. Cells were fixed with paraformaldehyde 

containing 0.2% Triton X-100 for 15 min at room temperature and subsequently 

washed 5 times with PBS/0.1% Triton X-100. To detect the photoproducts, cells 

were treated with 0.07M NaOH in PBS for 5 min at room temperature and 

washed again with PBS/0.1% Triton X-100 as before. Cells were blocked with 

PBS+ (PBS containing 0.15% glycine and 0.5% BSA) for 30 min and then 

incubated with primary antibodies diluted in PBS+ for 1.5 hrs at room 

temperature under dark and humid conditions. Cells were washed again with 

PBS/0.1% Triton X-100, blocked quickly with PBS+ and then incubated with 

secondary antibodies diluted in PBS+ for 1 hr at room temperature under dark 

and humid conditions. After a final wash with PBS/0.1% Triton X-100, cells were 

briefly rinsed with PBS and mounted on microscope slides using Vectashield 

(Vector) mounting medium containing DAPI (4’-6’-diamino-2-phenylindole) at a 

concentration of 0.1 mg/ml. Cells were analyzed using a confocal microscope 

(Zeiss LSM 510). 

 

Antibodies 

The following antibodies were used for immunofluorescence detection. 

Primary antibodies: mouse monoclonal anti-(6-4) photoproducts (6-4PPs), 

Cosmo Bio Co. (1:400); rabbit polyclonal anti-ERCC1, SantaCruzBiotechnology 

(1:100). Secondary antibodies: AlexaFluor488 conjugated goat anti-rabbit IgG, 

Invitrogen, (1:800); Cy3-conjugated goat anti-mouse, JacksonImmunoResearch 

Laboratories (1:1500). 
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Clonogenic survival assay 

The survival ability of XP-F (XP2YO) cells expressing either wild-type or 

mutant proteins in response to UV light or MMC was determined as described 

previously (Chapter 3 [202]). 
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