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INTRODUCTION
Conservation and stability of genetic information not only relies on the accurate 

mechanism for copying DNA sequence before cell division, but also on the efforts of the 
DNA repair machinery in accurate maintenance of the genomic information. Numerous 
damaging agents endanger the DNA in the genes. A major group of factors responsible 
for DNA lesions, consists of environmental threats, such as ultraviolet (UV) light, ionizing 
radiation and genotoxic chemical agents. Another source of DNA lesions are the byproducts 
of metabolic activity, such as free radicals and reactive oxygen species that, if not removed 
by an antioxidant defense system, will cause oxidative modifications in DNA. Spontaneous 
or induced base deamination and faulty nucleotide incorporation also cause lesions to the 
DNA. These are only a few examples of the many possible modifications that may occur in 
DNA continuously and which cause thousands of ‘spontaneous’ DNA lesions each day. If 
left uncorrected, they would alter the DNA sequence so rapidly that it would be fatal for 
each living cell. As a result, cells would cease to be viable or become malignant. The first 
response of the cell is a direct defense against these damaging agents through detoxification 
mechanisms and oxidative stress response. The biological response to DNA damage occurs 
through up-regulation of transcription or by inducing cell cycle arrest to enable DNA repair, 
and if the damage is too severe, apoptosis can be induced (1-4).

Depending on the type of damage, different DNA repair mechanisms have evolved 
to avoid the accumulation of DNA defects and to preserve the genetic information. The repair 
instruments range from single protein systems to multistep DNA repair pathways depending 
on the type of lesion (Figure 1). Repair mechanisms are involved in either the reversal of DNA 
damage (e.g. photoreactivation,(5,6)) or the excision of damaged components. This excision 
of damaged bases can be achieved either as free bases in Base Excision Repair (BER), or as nu-
cleotides in Nucleotide Excision Repair (NER). Furthermore, the mispaired bases in DNA are 
repaired through mismatch repair (MMR) and/or translesional synthesis (TLS). In addition to 
damaged nucleotides, fractures in DNA threaten the integrity of genome and are treated by 
DNA repair mechanisms involved in the repair of double strand break (DSB) or single strand 
break (SSB), such as Homologous Recombination (HR) and NHEJ (Non-Homologous End Join-
ing). A schematic overview of events requiring DNA repair and the different repair pathways 
is shown in Figure 1. Given the importance of the genome integrity, it is evident that impair-
ments in DNA repair processes can lead to major genomic damage resulting for instance in 
inherited cancers, neurological disease, and early aging (1,6-9). 

The different DNA repair pathways share several steps during the DNA repair pro-
cess and sometimes even the same factors are found in the different pathways. This is clear-
ly the case for the structure-specific endonuclease ERCC1-XPF (6,10).

The main focus of this thesis is on the heterodimeric complex ERCC1-XPF, more 
specifically on its stability and its role in DNA damage site recognition. Therefore, the rest of 
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this chapter describes the current knowledge concerning the DNA repair pathways in which 
ERCC1-XPF is involved, and structural and functional aspects of ERCC1 and XPF.

Function of ERCC1-XPF in DNA repair pathways
The heterodimeric ERCC1-XPF complex is involved in a multitude of mechanisms, 

and is known for its function among others in nucleotide excision repair (NER).  The NER 
pathway is one of the most extensively studied DNA repair processes. It is characterized by 
the cyclobutane pyrimidine dimer (CPDs) damages that are formed by exposing the DNA 
to UV irradiation. The role of the different proteins involved in this pathway, such as ER-
CC1-XPF, is well known. A multitude of discoveries indicate that ERCC1-XPF further functions 
in several other DNA repair pathways, to repair for instance SSBs, DSBs, and interstrand 
cross-links (ICLs), which might be due to its unique catalytic incision properties (6,11).

AA
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Mismatch, 
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Double-strand Break
Single strand Break

NHEJ/HRGG-NER TC-NERTLSMMR

Figure 1. A repertoire of DNA repair mechanisms ensures maintenance of DNA integrity. DNA is continuously ex-
posed to damaging events (top) that cause a range of lesions (middle). To overcome the lesion, the damage triggers 
a multitude of DNA repair mechanism (bottom). Figure adapted from (3,7,8).
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Nucleotide Excision Repair
In NER, full nucleotides are removed from the damaged genome by a multipro-

tein repair process. The damages that are recognized by NER, have in common that they 
cause local bulky distortions in the DNA double helix. The DNA adducts - such as from oxida-
tive DNA damage, thymidine and other cyclobutane pyrimidine dimers (CPDs), intra-strand 
cross-links, and bulky alkylating adducts induced by chemotherapy (4,12-14) - can be re-
moved by two distinct subpathways: the global genome NER (GG-NER) and the transcrip-
tion-coupled NER (TC-NER). In GG-NER, the entire genome is examined and the damage 
is recognized through lesion sensing DNA damage-binding proteins (DDBs), also known as 
XPE and the XPC-Rad23B complex. On the other hand, in TC-NER RNA Polymerase II that is 
stalled at a DNA lesion, triggers recognition (Figure 2). When stalled at the lesion, the Cock-
ayne syndrome protein complex CSB-CSA translocates RNA Pol II, so that the DNA becomes 
available for repair (15-18). However, the mechanism is not fully understood (19,20).

  

 

Figure 2. Schematic overview of the Nu-
cleotide Excision Repair pathway. Lesion 
recognition leads to GG-NER, whereas 
stalled transcription leads to TC-NER. This 
is followed by damage verification, incision 
at 5’ and 3’ sides of the lesion and DNA 
re-synthesis. Reprinted with permission 
from Lans et al. (18). Copyright 2012 Lans 
et al; licensee BioMed Central Ltd. 
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After damage recognition, the two subpathways go through the same key events: 
formation of a preincision complex, followed by unwinding and excision of single stranded 
DNA nearby the lesion, gap filling, and sealing. An assembly of proteins, including transcrip-
tion factor II H (TFIIH) and XPG, initiates the NER process (7). Subsequently, the XPB subunit 
of TFIIH binds to the recognized damage site and through its ATPase activity enhances the 
binding of TFIIH to the damaged DNA (21,22). This is followed by the helicase activity of the 
TFIIH XPD subunit that unwinds the damaged DNA into a so-called repair bubble, where an 
open single-stranded DNA structure is formed around the lesion consisting of typically 25-30  
unpaired DNA bases containing the lesion. This structure is stabilized by the DNA-binding 
proteins RPA and XPA. This bubble-like intermediate is the substrate for the dual incision ac-
tivity of the two NER endonucleases, the ERCC1-XPF complex at the 5´ side and XPG at 3´ side, 
excising the damage containing 25-30 nucleotide single-stranded fragment. The gap created 
by the excision of these nucleotides is filled by the replication factors using the intact DNA as 
template strand. Finally, the remaining nick is ligated by a DNA ligase (3,7,16,18,21,22).

Single-strand break repair
 Single-strand breaks (SSB) are one of the most common DNA damages that arise as 
intermediates of Base Excision Repair (BER), or directly from damage of the DNA deoxyri-
bose by reactive oxygen species (ROS) or by abortive topoisomerase-1 activity (TOP1-SSB). 
Direct SSB repair of ROS damaged DNA is initiated by recognition and signaling performed by 
poly-ADP-ribose polymerases (PARP) 1 and 2, while SSBs introduced during BER or by TOP1 
activity might require other recognition mechanisms. The PARP proteins, which bind to SSBs 
and signal their presence, are thought to attract XRCC1. This protein orchestrates the repair 
of SSBs by forming a scaffold for a number of enzymes responsible for processing and gap 
filling of DNA breaks (6,23,24).
 Since the 3’- or 5’-terminus of many SSBs are distorted, they need end processing to 
meet the substrate requirements for gap filling and ligation. These distortions can be very 
diverse, and depending on the type, a repertoire of enzymes is required, including endo-
nucleases that are acquired from different molecular pathways (6,23,24). Related to this, it 
has been suggested that some of the 3’-termini are removed by ERCC1-XPF (24). Most SSBs 
gap filling involves insertion of a single nucleotide, followed by XRCC1-dependent ligation. In 
some cases, when the incision is involved in end processing, gap filling involves insertion of 
more nucleotides (23,24).
 
Double-strand break repair

Double-strand breaks (DSBs) can arise exogenously from ionizing radiation or expo-
sure to X-rays, e.g. during cancer treatment, or from a major endogenous source, such as during 
the replication fork collapse, when the DNA polymerase meets a DNA lesion. In order to avoid 
fragmentation, translocation and deletion of chromosomal DNA caused by DSBs, cells have de-
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veloped several repair pathways (Figure 3). DSBs can have two distinctive structures: one-sided 
when the replication fork is stalled at a damage site and only one strand is without a partner 
strand or two-sided, e.g. when two replication forks converge at the damage site (cf. Figure 4 
on ICL repair) (25). DSBs are primarily repaired by two main pathways, either by homologous 
recombination (HR) or by non-homologous end joining (NHEJ). If these two pathways fail to 
repair the damage, either single-strand annealing or an alternative NHEJ (Alt-NHEJ) pathway 
known as microhomology (MMEJ) can repair such damage, but with lower efficiency (25-28).

Homologous recombination (HR) repair is the major DSB repair pathway. HR is stimu-
lated by DSBs generated from DNA damages during meiosis and sometimes mitosis. After DSB 
resection, unidirectional 5’- to 3’-degradation of such a breakage results in single-stranded DNA 
overhangs. These 3’-overhangs are then coated by replication protein A (RPA) and with the aid 
of the BRCA2 protein, also known as Fanconi anemia protein FANCD1, multiple RAD51 proteins 
are loaded on this RPA-coated ssDNA. This process is known as filament formation (25,26,28-
30). During this process, ssDNA is prepared to invade a homologous DNA helix that can either 
be an available sister chromatid or homologous donor DNA sequences in the late S/G2 phase. 
This strand invasion recruits regions of undamaged DNA to form a template to restore the lost 
information (25,26,28,31). Then RAD54, assembled with heterochromatin, uses the filament 
for branch migration on the formed pairing intermediates (heteroduplex Holliday junction or 
D-loop) (28,32-35). This continues with DNA polymerase extending the missing sequence. Re-
solving these Holliday junction intermediates can result in either crossovers or non-crossovers 
products. Other aspects of the repair process may proceed through different subpathways like 
single-strand annealing (SSA) mechanism (Figure 3)(28,31-34,36). In recent years, the role of 
ERCC1-XPF in DSB repair has been gradually unraveled. For example, it is now clear that during 
single-strand annealing, ERCC1-XPF is responsible for the incision of the DNA (37,38).

Non-homologous end joining (NHEJ) is another major mechanism in DSB repair that 
is activated during G0/G1 and early S-phases of the cell cycle. NHEJ is an end-joining mecha-
nism that directly ligates the two ends in DNA strand breaks. This error-prone process occurs 
before replication when another copy of DNA is absent. This process does not require any 
homologous sequence. Therefore it utilizes a machinery that is largely distinct from those 
used in HR. The Ku70-Ku80 dsDNA-binding heterodimer (KU-DNA) triggers complex forma-
tion on the damaged DNA by recruitment of DNA-dependent protein kinase (DNA-PK) to 
the damaged region of the DNA. Since in most cases the endogenously generated DSBs do 
not have 3’ OH or 5’ P overhangs, they lack essential molecular elements for polymerization 
and ligation. Therefore, the DSB ends have to be processed first, which includes the removal 
of the inadequacies, followed by polymerization. Only then can ligation be accomplished 
(6,27,28,39,40). It has been suggested that ERCC1-XPF is involved in NHEJ when DSB ends 
have extensive 3’-overhangs that need to be trimmed, and that this is regulated by DNA-PKs 
within the context of the NHEJ complex (41-43).
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Figure 3 . An overview of eukaryotic DSB repair. DSBs in DNA can be resealed through NHEJ (left) without homology 
requirement. ERCC1-XPF might trim the ends before resealing. Alternatively, DSBs repair can receive 5’ 3 ’ single 
strand resection followed by invasion, which uses another homologous chromatid as template. This is followed ei-
ther by re-annealing of the invading strands (synthesis-dependent strand annealing) or formation of a heteroduplex 
Holliday Junction. After a branch migration on this formed junction, DNA polymerase extends the missing sequence 
(D-loop formation). Also shown is how ERCC1-XPF may be involved at the different mechanisms of DSB repair. DNA 
copies from two distinct homologous chromatids are represented in blue and black. Adapted from (6,36,38).

Microhomology mediated End-joining (MMEJ) is an alternative NHEJ mechanism 
that occurs during G1 and S phases. During MMEJ short homologous DNA fragments of 5-20 
nucleotides are joined in a rather error-prone manner, often yielding deletions, and leading 
to genome instability. Many questions remain unresolved about MMEJ. For example, a study 
by Deng et al. (44) shows that the protein RPA regulates this pathway. However, it is not clear 
whether it competes with HR components located on the DNA coated with RPA, or if there 
is an alternative mechanism. One mechanistic model, proposed for MMEJ, starts with end 
resection, is followed by SSA and DNA end processing, and finalized by ligation (40). Before 
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ligation, during the end processing, ERCC1-XPF plays a key role in the cleavage of non-com-
plementary 3’-flaps from an annealed intermediate. This excision activity facilitates stable 
DNA end joining, proper gap filling and ligation (28,40,45).

Interstrand cross-link (ICL) repair 
Cytotoxic and antitumor agents can form covalent linkages on DNA in different ways 

including intra-strand, between two complementary strands, and even between a DNA base 
and a protein residue. An interstrand cross-link (ICLs), though accountable for only a small 
amount of the total DNA adducts, is one of the deadliest DNA lesions because this covalent 
binding prevents DNA from separation and stalls replication and transcription processes, thus 
causing chromosome rearrangement or break, or cell death (46,47). These lesions arise either 
exogenously from exposure to toxic mutagens such as cisplatin and carcinogens in cigarette 
smoke, or endogenously from amino-acid metabolism or lipid peroxidation for instance from 
a high fat diet. The formed DNA adducts arrest replication, transcription and other activities 
with unwinding of the DNA as a prerequisite. The interpretation of the response to cross-link-
ing agents is complicated primarily because they do not only produce ICLs but can also cause 
multiple other DNA lesions that depending on damage type, may trigger a separate repair 
pathway. Furthermore, a variety of mechanisms (shown in Figure 1) is thought to engage in 
the repair of ICLs. Therefore, it is difficult to disentangle the contribution of different repair 
pathways in ICL repair (47,48).

ICL repair can occur during or outside the S-phase of the cell cycle, in the presence 
or absence of replication proteins. Therefore ICL repair pathways are classified as replica-
tion-dependent and replication-independent (Figure 4) (47,49-51). In both ICL repair pro-
cesses, it is thought that the Fanconi anaemia (FA) network coordinates the major groups 
of proteins from the NER pathway, the homologous recombination and the DNA translesion 
synthesis (TLS) pathway. Indeed, mutations in genes regulating the elimination of ICLs can 
cause FA (46,52). It is increasingly understood that FA proteins play roles in ICL repair through 
sensing, recognition and processing of ICLs (53).

The ICL replication/recombination-dependent pathway is initiated during the late S 
or G2 phase by a stalled replication fork at the ICL damage site. In general, the presence of an 
undamaged sister chromatid initiates the assembly of the homologous recombination ma-
chinery including RAD54, FA proteins and structure-specific endonucleases such as the ER-
CC1-XPF complex from NER (Figure 4) (7,46). While the mechanism of ICL repair is still large-
ly unknown, evidence accumulates that ICL damage triggers the FA pathway by stimulating 
ubiquitylation of FA proteins. This activity is essential for SLX4 (also known as FANCP) loading 
on this site. SLX4 ensures the participation of the nucleases MUS81-EME1 (both members 
of the XPF/MUS81 family) and ERCC1-XPF in the incision of DNA flanking the damage site, 
creating DSBs and unhooking the cross-link at the stalled replication fork. The coexistence of 
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ERCC1-XPF and SLX4 is essential for unhooking the ICLs. The unhooked fragment is still linked 
to the template strand through its ICL (54-57). It is believed that FANCD2 ubiquitination as-
sists the translesional polymerases in DNA synthesis at the lesion site, which is followed by 
the removal of reminiscent DNA flaps by the NER components ERCC1-XPF and XPG. This fully 
repaired sister chromatid is used for the repair of DSB intermediates through homologous re-
combination (Figure 4) (47,49,58-60). Impairments in ICL repair can lead to FA disorder, char-
acterized by chromosomal frailty, congenital abnormalities, bone marrow failure, increased 
cancer rate, and ICL hypersensitivity (47,49-51).

The ICL replication-independent repair (RIR) pathway occurs during the G0/G1 cell 
cycle phase and is vital for cellular homeostasis especially in post-mitotic cells, such as in 
neurons or in cells dividing rarely, such as stem cells. RIR probably depends on NER for dam-
age recognition and dual incision utilizing its endonucleases ERCC1-XPF and XPG to unhook 
the ICL lesion and to excise the DNA ICL lesion. This is followed by repair synthesis of the 
gap, performed by translesion synthesis (TLS) polymerase activity (Figure 4) (46,57,61).

Roles of ERCC1-XPF beyond DNA repair
It is clear from the above that the ERCC1-XPF heterodimer plays a key role in mul-

tiple DNA repair pathways. Nevertheless, not all phenotypes of ERCC1-XPF deficiencies 
can be interpreted by their primary function in a repair pathway. Many reports associate 
unexplained phenotypes of ERCC1-XPF, such as developmental disorders and neurodegen-
eration, with a variety of activities beyond DNA repair. For instance, the ERCC1-XPF endo-
nuclease complex can bind 3’ G-rich overhangs of telomeres. Telomere-repeats binding 
protein TRF2 can bind and inhibit ERCC1-XPF and protect the telomeres (62,63). Another 
example of ERCC1-XPF function outside DNA repair is its participation in sister chromatid 
separation during chromosome segregation. Together with MUS81-EME1, the ERCC1-XPF 
complex can be co-localized by FANCD2 to mitotic chromosomes and it has been shown 
that ERCC1 down-regulation causes defects in chromosome segregation and mitotic failure 
(62,64). Finally, a recent study reveals the role of ERCC1-XPF in transcription initiation during 
cell development. It is proposed that ERCC1-XPF is recruited to gene promoters to fine-tune 
optimal transactivation of target genes (65,66). This optimization occurs during postnatal 
development, which can be related to the cerebro-oculo-facio-skeletal (COFS) syndrome in 
humans with deficient ERCC1 (62,65).



C
ha

pt
er

 1

23
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Figure 4. The mechanisms of ICL repair.  ICLs 
cause the replication machinery to collapse 
at the replication fork (left panel) and create 
DSBs that cannot be repaired without excis-
ing and unhooking at both sides of ICLs, pos-
sibly by Mus81-Eme1 and ERCC1-XPF, creat-
ing a one-sided DSB. This makes the strand 
accessible for TLS polymerases after which 
the final lesion is removed via NER. The cre-
ated two-sided DSB in the next strand is re-
paired through homologous recombination. 
In the right panel, ICLs recognition occurs by 
RNA polymerase stalled during transcription, 
initiating TC-NER and ERCC1-XPF function. Af-
ter the function of TLS, NER factors perform 
excision on the two sides of ICL, followed by 
gap filling and continuation of transcription. 
Adapted from (47).
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Physiological consequences of impaired ERCC1-XPF
Several clinically heterogeneous disorders such as susceptibility to cancer, neuro-

logical and developmental deficiencies and early onset of aging are associated with inborn 
defects in the NER proteins ERCC1 and XPF (7,65,67,68). During genome replication, ac-
cumulation of lesions due to GG-NER deficiency can cause cancer, whereas mutations in 
transcription-coupled repair (TC-NER) factors can lead to degenerative phenotypes. This is 
thought to be because accumulation of lesions in the transcribed genes results in silencing 
of essential genes or triggers apoptosis (3,7,68,69). Furthermore, in recent years, the role 
of ERCC1-XPF in other pathways has been understood through syndromes that are beyond 
symptoms of NER deficiency (51).

Xeroderma pigmentosum (XP), one of the most prominent diseases caused by NER 
defects, is an inborn disorder conferring dermal damage to sunlight-exposed skin areas. XP 
has been related to defective protection against UV damage, which results in a cancer-prone 
skin. XP patients also have an elevated frequency of internal cancers, typically lung and 
gastro-intestinal cancers, suggestive of NER deficiency in defense against carcinogens from 
the air and food. In addition, around 20% of XP patients have neurological diseases such 
as neurodegeneration, dementia, and microcephaly. Since the nervous system is protected 
from sun, it has been suggested that these patients are deficient in repair of oxidative DNA 
damage, which causes blockage of transcription. Given that most oxidative lesions (with an 
exception of cyclopurine-deoxynucleosides) are repaired by base excision repair (BER), the 
genomic increase in cyclopurine-deoxynucleosides can be the reason for neurological symp-
toms in XP patients (4,12,19,68,69). Mutations in any of the NER enzyme genes, i.e. XPA, 
XPB, XPC, XPD, XPE, XPF, XPG, plus an XPV variant (the genetic disease XPV results from mu-
tations in a gene encoding translesional polymerase η), can cause Xeroderma pigmentosum 
(3,7,68,69). In contrast to XP patients for whom the onset of cancer typically occurs already 
before an age of 2 years, XP-F patients have much milder symptoms with a late onset of skin 
cancer. XP-F patients have considerably reduced levels of both XPF and ERCC1 in fibroblasts, 
which results in a diminished endonuclease activity during NER and which contributes to a 
typically mild phenotype in these patients (70). Some rare severe XPF deficiency cases come 
with neurological deficiencies (71). The most severe case of XPF deficiency was a patient with 
XFE progeroid syndrome. The patient was completely devoid of TC-NER and GG-NER, but its 
symptoms were mostly related to its high sensitivity for ICL-inducing agents. Also patients 
with ERCC1 deficiency, which appears less frequently, suffer from severe symptoms. Accord-
ing to Imoto et al. (72,73), an ERCC1 nonsense mutation K226X combined with a IVS6-G>A 
splice site mutation on the second allele, has caused Xeroderma pigmentosum with late on-
set of a progressive and severe neurodegeneration resulting in dementia and cortical atrophy 
at an age of 15. The patient died at the age of 37 (72,73).
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 Cockayne syndrome (CS) is a severe disorder that causes accelerated aging. De-
pending on the severity CS is divided into three types. Depending on the CS type, the life 
expectancy can be from 3 years old to four decades (74,75). Common symptoms are accel-
erated neurodegeneration, mental retardation, growth failure, profound cataracts, retinal 
degeneration and microcephaly, with pneumonia as the frequent cause of death. To date, 
mutations in CSA/CSB, XPB, XPD, XPF and XPG genes are known to cause occasional lesions 
that stall transcription resulting in CS due to the defect in TC-NER repair mechanism (76-78). 
Even low levels of unrepaired lesions in transcriptional genes, that are not removed by other 
repair systems, are sufficient to shorten the life span considerably (69,77). A rare variant of 
CS, XP/CS, show developmental and neurological abnormalities typical of CS, and skin and 
eyes phenotype typical of XP. The phenotypes of XP and CS overlap because the XPB, XPD 
and XPG genes belong to a group with similar characteristics, with CS having milder derma-
tological phenotypes than XP (76,79,80).

Only recently, three cases of CS were identified which involved defects in ERCC1 
or XPF. Two of the patients showed the typical CS phenotype, while the third patient had a 
combined XP, CS and FA phenotype (XPCS/FA). In the XPCS/FA patient the phenotype was 
caused by the biallelic XPF mutations C236R and R589W (the latter was previously also ob-
served in XP patients) (51,79,81). In one CS patient, the biallelic mutations were C236R in 
the SF2 helicase domain of XPF and a premature stop codon at Y577 in XPF, while the second 
CS patient carried a biallelic F231L mutation in ERCC1 which led to death in early life (79,82). 
This CS patient with F231L mutation that is described by Kashiyama et al. (79) is only the sec-
ond case of F231L mutation in ERCC1, and has the most severe NER deficiency. Before this 
F231L CS patient, another patient with F231L mutation in ERCC1 was reported by Jaspers et 
al. (82) to have symptoms including a heterogeneous congenital COFS and severe embryon-
ic and postnatal growth failure. Similar to CS, some of the symptoms consisted of reduced 
birth weight and early microcephaly, followed by brain atrophy, hypotonia and cataracts. 
COFS was in the past only linked to mutations in CSB, XPD or XPG, though the phenotypes of 
COFS are more severe (micro-cornea with optic atrophy in COFS vs. pigmentary retinopathy 
in CS) (77,82,83). The patient described by Jaspers et al. presented a new cause for COFS 
that is caused by a heterozygous biallelic F231L mutation of ERCC1, in which in one allele 
Q158 was converted to a stop codon resulting in a fully dysfunctional ERCC1, while the other 
allele carried a C-to-G transversion causing a F231L mutation (82,84). For the Kashiyama et 
al.’s patient, with the biallelic homozygous F231L mutation early onset of CS deficiency with-
out an indication of COFS was observed (79). The findings suggest that residual amounts of 
deficient ERCC1 could still maintain the TC-NER function at such a level that the severity, as 
observed for the F231L mutant patient, did not occur.

The Fanconi anaemia (FA) disorder, which has a phenotype of progressive bone 
marrow failure and predisposition to cancer, is associated with proteins that are involved 
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in ICL repair. The genetic details are not always clear but at least fifteen proteins have been 
identified to be associated with FA. Recently, the sequencing of all protein-coding genes in 
an unclassified FA patient revealed mutations in ERCC4 genes (encoding the XPF protein) 
(51). The genetic, biochemical and functional analysis of this mutation shows that the func-
tion of XPF in ICL repair is drastically reduced without severe NER deficiency. As previously 
discussed for CS, another patient has also shown a combined phenotype with FA, XP and 
CS symptoms (79). Summarizing, recent findings underscore a multifunctional role of ER-
CC1-XPF, existing beyond DNA repair. Though the frequency of diseases due to ERCC1 or 
XPF deficiencies is not high, it is expected that defects in ERCC1-XPF will be discovered to be 
associated with several other diseases.

ERCC1 and XPF belong to the XPF nuclease family
The ERCC1 (31KDa) and XPF (103KDa) proteins (Figure 5A) do not function as indi-

vidual monomers but form a heterodimeric complex. The ERCC1-XPF complex functions as a 
structure-specific endonuclease and is recruited to perform incision at a ds/ss DNA junction 
on the 5’ side of the damage while XPG incises on 3’ side (85-87). Both ERCC1 and XPF be-
long to the XPF nuclease family, also known as the XPF/MUS81 family. Although the proteins 
of the XPF family are evolutionarily conserved in eukaryotes, they have no orthologs among 
eubacteria, despite the similarity of their DNA repair mechanism the UvrABC family of bac-
terial NER proteins. The N-terminal part of XPF shows similarity to four consecutive motifs 
in archaeal helicases from superfamily 2. Several homologs of the XPF nuclease family were 
found in archaeal NER as well (87). The members of this family exist as either heterodimers 
in eukaryotes or homodimers in archaea (2,6,88-90).

XPF consists of a N-terminal helicase-like domain and a central excision repair 
cross complementation group 4 (ERCC4) endonuclease domain, followed by a C-terminal 
helix-hairpin-helix (HhH)2 putative DNA-binding domain. The non-catalytic ERCC1 protein 
also contains an ERCC4-like domain - known as central domain - that lacks the catalytic 
motif. Like in XPF, the central domain is followed by a helix-hairpin-helix (HhH)2  (Figure 5A) 
(2,6).  The dimerization takes place through direct interaction between two (HhH)2 domains.

In eukaryotes, several XPF/MUS81 family members have been identified existing as 
a heterodimeric complex, with one catalytic and one non-catalytic subunit. An exception is 
FAAP24-FANCM, in which both domains are non-catalytic due to the absence of the catalytic 
amino-acid residues in the endonuclease domain (91,92). In humans, in addition to ERCC1 
and XPF, five other homologs have been identified, namely MUS81, EME1, EME2, FANCM 
and FAAP24. Of these, only XPF and MUS81 have endonuclease activity (2,93). These pro-
teins have been found in four heterodimeric complexes: XPF-ERCC1, MUS81-EME1, MUS81-
EME2 and FANCM-FAAP24; also for example the Rad1-Rad10 (S. cerevisiae), Rad16-Swi10 
(S. pombe) and HIM9-XPF (C. elegans) belong to this family (94).
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Figure 5. Schematic representation of human ERCC1-XPF. A, domain architecture, mutations and interactions. The 
expansion of key residues is represented above the active site (in yellow) within the XPF nuclease domain. Protein 
names in grey denote unconfirmed or undefined protein–protein interactions and confirmed interactions are written 
black. NLS is the abbreviation for nuclear localization sequence. Numbers denote residue number, arrows show mu-
tations, asterisks are used to denote stop codons, and the horizontal bars identify the proteins. B, (HhH)2 domains of 
A. pernix XPF and human ERCC1 and XPF. The domains are compared by structure-based alignment using the DaliLite 
server (99) with the sequence alignment colored in boxshade [grey for similar and black for identical (100)]. The signa-
ture residues based on multiple sequence alignment of HhH motifs by Doherty et al. (101) are manually colored (yel-
low for hydrophobic and red for Glycine) and denoted below the sequence (G indicates conserved glycine residues; h 
indicates a hydrophobic side chain). The secondary structure elements are shown based on the structure of human 
ERCC1 (HhH)2 domain. C, NMR structure of the heterodimeric complex of the human ERCC1-XFP (HhH)2 domains 
with the two-fold pseudo-symmetry axis (central red dot). D, Overlay of the ERCC1 and XPF (HhH)2 structures using 
DaliLite (99), showing the overall fold similarity and close overlap of conserved F293 and F894 anchor residues. ERCC1 
is depicted in blue, XPF in green, and the HhH motif signature resides are in yellow and red; GhG denotes signature 
residues for the hairpins. (A) and (B) are adapted from (102) and (92), respectively.
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The three heterodimers ERCC1-XPF, MUS81-EME1 and MUS81-EME2 maintain their 
catalytic activity due to the conserved endonuclease domain in XPF and MUS81 (2,91,95). 
Of these, of ERCC1-XPF is involved in DNA repair pathways, as discussed above, whereas the 
other heterodimers have different functions. MUS81-EME1 is involved in the resolution of 
recombination intermediates containing Holliday junctions during the G2/M phase of the 
cell cycle (96,97), and the MUS81-EME2 heterodimer is required for processing and restart of 
stalled replication forks and is restricted to the S-phase of the cell cycle (97). Finally, FANCM-
FAAP24 functions as a complex in FA, protecting cells from interstrand crosslink (ICL) and UV 
damage (2,98).

In contrast to the eukaryotic members of the XPF nuclease family, several archaeal 
members are functional as homodimers. P. furiosus from the archaeal subgroup euryarchae-
ota forms homodimers of the XPF homolog Hef (helicase-associated endonuclease for forked 
structure). A shorter form of the XPF homologs found in S. solfataricus and A. pernix (ApX-
PF), both from crenarchaeota, lacks the helicase domain, but combines a ERCC4 nuclease 
domain, a (HhH)2 domain and a C-terminal PCNA-interaction motif (103,104). Human XPF 
homodimers have also been observed in vitro but not in vivo (2,105).

The superfamily 2 helicase-like domain
The helicase domains in the human XPF family members belong to the superfamily 

2 (SF2) of RNA-helicases. They show a high similarity to the N-terminal part of XPF in seven 
conserved archaeal helicase families. In human XPF, the degenerate SF2 helicase-like domain 
is devoid of key residues essential for ATP binding and hydrolysis activity resulting in a non-
functional helicase domain. Its function remains elusive. However, deletion of the helicase 
domain from ERCC1-XPF causes a strong decrease in in vitro DNA cleavage activity (106). The 
disrupted regions in the human SF2 helicase-like domain are localized in two motifs. The first 
is the MgATP/MgADP interacting GKT sequence, a consensus nucleotide binding of RNA he-
licases. The second motif contains acidic residues within the DEAD/DEAH box within the α-β 
domain, which is essential for chelating Mg2+ in RNA helicases. In FANCM, the DEAH helicase 
domain is functional and it harbors an ATP- dependent DNA translocase activity important for 
mono-ubiquitination. In the archaeal homodimer, Hef, the two characteristic helicase motifs 
are separated by an α-helical domain that are crucial for ATP hydrolysis and DNA transloca-
tion, and contribute to branched DNA recognition (2).

The ERCC4 endonuclease domain
The middle domain of the XPF family proteins is a metal-dependent endonuclease 

domain, designated as the excision repair cross complementation group 4 (ERCC4) domain. 
The architecture of Hef, the archaeal homolog of this domain is remarkably similar to that of 
the nuclease domain of type II restriction endonucleases. These contain a small endonucle-
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ase subunit (ca. 18 kDa) with a conserved structural fold common in all restriction enzymes. 
This subunit is composed of five- or six-stranded β-sheets, flanked on both sides by α-helices. 
Despite the structural homology between Hef  and type II restriction enzymes, sequence 
homology is mostly limited to the active site residues of Hef. The homologous regions include 
the ERKX3D signature motif with an extension GDXn (GDXnERKX3D). This corresponds to the 
PDXn(E/D)XK motif of type II restriction enzymes (104). Mutational studies indicated metal 
binding and/or catalytic function for these residues, while no role was found in DNA binding 
(93). Similarly as found for type II restriction endonucleases, the conserved acidic residues 
within the ERCC4 domain motif participate in Mg2+- and Mn2+-ion binding. The polar residues 
in this motif including the lysine form hydrogen bonds with coordinated water molecules, and 
activate the water for nucleophilic attack in the endonuclease reaction. The hydrolysis results 
in breakage of the bond between a phosphate group and the 3’-oxygen of DNA (93,104,107). 
During this reaction, the divalent metal ion stabilizes the departing groups (108).

The ERCC1 central domain of ERCC1
Although the overall fold of the ERCC1 central domain (cERCC1) is similar to that of 

the nuclease domains of archaeal species, it lacks the characteristic catalytic residues (106). 
The non-catalytic domain has a completely distinct function in DNA substrate recognition. 
Previous NMR studies have shown that cERCC1 can interact to two highly conserved motifs 
in XPA (rich in glycine and glutamate) (109). The binding site was mapped to residues 92–119 
of cERCC1, the region that corresponds to the catalytic ‘signature’ of XPF nuclease domain. 
However, in cERCC1, the catalytic residues “ERK” are replaced by “LFL” in human ERCC1 or 
“LF/YL” in other eukaryotic ERCC1 proteins. It was also noted that cERCC1 can bind ssDNA 
directly. Chemical shift perturbations mapped the ssDNA-binding site to residues N99, I102, 
L132, K213, A214 and Q134, which is located at a hydrophobic cleft on an opposite site of 
cERCC1 as compared to the XPA-binding site (106,109,110). It has been suggested that cER-
CC1 central domain plays an important role in the positioning of ERCC1-XPF heterodimer 
near the cleavage site (109) .

In the archaeal homolog of ERCC1-XPF, the nuclease domains are directly interact-
ing. However, stable interactions between the nuclease domain of human XPF and the cen-
tral domain of ERCC1 have not been observed (109).

The tandem helix-hairpin-helix domain (HhH)2

The C-terminal part of the proteins of the XPF family contains a conserved domain 
engaged in binding DNA junctions. The domain consists of a tandem Helix-hairpin-Helix 
(HhH)2 motif. The HhH motif is a characteristic DNA recognition motif, which in general binds 
nonspecifically to the phosphate backbone of DNA. It can be found in proteins such as DNA 
and RNA polymerases, DNA ligases, DNA glycosylases and in the NER repair nuclease UvrC 
(90,111). Two copies of this HhH motif are connected by an α-helix (helix γ) and together 
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this tandem (HhH)2 motif forms a globular fold. The key residues in HhH motifs are found at 
positions 3, 6, 8, 9, 10, 14, 17 and 18 (101). Residues 3, 17, and 18 are responsible for hydro-
phobic packing of the motif, positions 6 and 9 define a type II β-turn. On positions 8 and 10 
two glycine residues are generally found, that are important for the β-hairpin conformation 
(Figure 5B). Finally, position 14 of the HhH motif is generally occupied by a small hydropho-
bic residue such as alanine, to prevent a steric clash with the first helix of the HhH motif 
(101,111). This GXG sequence in the β-hairpins h1 and h2 is essential for interaction with the 
minor groove of duplex DNA and this type of sequence binds the phosphates backbone of 
both DNA strands separated by three base pairs. The hydrophobic residue X within the hair-
pin is most commonly a hydrophobic Ile, Val or Leu residue.

As mentioned before, proteins of XPF family can form heterodimers. For this, the 
(HhH)2 domains of each protomer associate together into a stable heterodimeric endonucle-
ase. Thus the tandem Helix-hairpin-Helix domain of XPF family of proteins are required both 
for DNA binding and dimerization. Dimerization was first observed in the archaeal XPF homo-
log, which formed a symmetric homodimeric complex. The eukaryotic heterodimers are not 
symmetric, and it was found for ERCC1-XPF that each of the two monomers has distinct func-
tional roles (112). While the ERCC1 monomer contains a canonical (HhH)2 motif, it was noted 
that in XPF the second hairpin of the (HhH)2 motif is evolved into a short turn containing only 
three residues. The tandem heterodimeric (HhH)2 domain is composed of a hydrophobic core 
and two pseudo-symmetric phenylalanine anchor residues that insert into a complementary 
cavity of their binding partner (Figure 5C and 5D)(95,106). The structure of the heterodimeric 
complex of the ERCC1-XFPF (HhH)2 domains has been determined previously by NMR (95) 
(Figure 5C), and protein-crystallography (106). For complex formation two conserved phenyl-
alanines, namely F293 of ERCC1 and F894 of XPF, are important (113). Taking advantage of 
the crucial role of these phenylalanines for the stability of the ERCC1-XPF complex, recently 
the cavity containing the F293 sidechain has been targeted by small molecules, which led to 
the loss of interaction between the two proteins (114). This induced loss-of-interaction could 
potentially be used to inhibit the mitigation of the damages that are stimulated during che-
motherapy by alkylating agents.

The dimerization of the two (HhH)2 domains implies that there exist two surfaces 
for potential DNA binding in ERCC1-XPF. It has been observed that for the ERCC1 and XPF 
archaeal homologs of this family the (HhH)2 domain engages in both upstream and down-
stream duplex regions of their branched DNA substrates. DNA-binding properties of the het-
erodimeric ERCC1-XPF complex have been studied before. Tripsianes et al. (95,106) showed 
that the ERCC1 (HhH)2 domain can interact with DNA through both canonical h1 and h2 β-hair-
pin motifs (95). Later, Das et al (112) showed that the XPF (HhH)2 domain, which in vitro can 
form stable homodimers, has a larger interaction interface compared to the heterodimer and 
lacks the second canonical β-hairpin motif that is essential for dsDNA binding. The DNA-bind-
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ing studies revealed that XPF homodimer can bind single-strand DNA (ssDNA). Together, this 
led to a model for binding of ERCC1-XPF at a junction between dsDNA and ssDNA, as present 
near the DNA damage site (95,112).

Additional interactions of ERCC1 and XPF
ERCC1 and XPF do not only interact with each other, but also with other proteins 

(Figure 5A). Some of these interactions, such as with the proteins XPA (in NER) and SLX4 (in 
ICL repair) were already described. Here, the findings on the interactions of ERCC1 and XPF 
with these and several other proteins are summarized.

As described above, the central domain of ERCC1 can interact to the ssDNA binding 
NER protein XPA (109). This can contribute to the DNA binding of ERCC1-XPF to the DNA 
damage site. It has also been demonstrated that ERCC1-XPF binds to DNA more efficiently in 
the presence of the replication protein A (RPA). RPA binds undamaged ssDNA and protects it 
from nucleases. The RPA binding site has been mapped to the N-terminus of XPF, and upon 
mutation of P85 to serine, XPF is unable to interact with RPA (102,115,116).

During ICL repair SLX4 functions as a molecular scaffold for the assembly of proteins 
including ERCC1-XPF. This warrants the processing of branched DNA substrates. Biochemical 
studies demonstrated the interaction between residues in the N-terminal part of SLX4 and 
ERCC1-XPF, but the precise binding regions have not been identified (102,117).

FANCG-deficient cells are not able to incise DNA at ICLs. It has been found that 
FANCG can also interact with the central domain in ERCC1 (50) . However, whereas the XPA 
binding involves residues 92-119 of cERCC1, the FANCG binding was shown to involve res-
idues 96-119 of cERCC1 (50)(Figure 5A). Mutagenesis studies map the interaction to the 
tetratricopeptide repeats TPR-1, TRP3, TRP-5, and TRP6 in FANCG. It is believed that this 
interaction plays a crucial role for recruiting ERCC1-XPF to ICLs, analogous to the recruitment 
of ERCC1-XPF to sites of damage in NER by XPA. Further studies will be necessary to confirm 
these findings and map the interacting regions in more detail (50,58).

The MutS homolog protein MSH2, a mismatch repair (MMR) protein, is involved in 
the survival of cisplatin treated cells, probably due to its preferential binding to cisplatin ICLs 
containing a mismatch (118-120). Since ERCC1-XPF is also involved in cisplatin resistance it 
was suggested there might exist an interaction between these proteins. Lan et al. reported 
that during an XPA-independent repair mechanism the ERCC1 C-terminal residues 184–260, 
partly overlapping with the XPF interaction domain, might be involved in an interaction with 
MSH2 (118,121).

Furthermore, ERCC1-XPF can be stably associated with hRad52 via interactions be-
tween XPF and the N-terminal DNA-binding region of Rad52, in a DNA-independent manner. 
This interaction can promote the cleavage of 3’-overhangs and the processing of recombi-
nation intermediates that have arisen during the repair of double-strand DNA breaks (122).
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ERCC1-XPF can also be involved in telomere maintenance and functions through 
direct or indirect interaction with the telomere repeats binding protein TRF2 independent of 
TRF2’s DNA binding activity. In telomeres DNA loop conformations are formed in long G-rich 
3’-overhangs at the ends of chromosomes. These long ssDNAs circles are stabilized by TRF2. 
ERCC1-XPF associates with TRF2 at these sites and its activity on 3’-overhangs depends on 
the presence of TRF2 (63). So far, no direct interaction has been reported between TRF2 and 
ERCC1-XPF. Since also TRF2 interacts with SLX4, it is possible that the effects attributed to 
ERCC1-XPF are mediated by SLX4 in a ternary complex of XPF, SLX4 and TRF2 (63). The XPF 
function in TRF2-mediated telomere shortening may not occur through its nuclease activity, 
since mutations in the conserved nuclease domain have no influence on telomere processing 
(123).

Recently, Liccardi et al. (124) investigated the interaction of ERCC1-XPF with the epi-
dermal growth factor receptor (EGFR), since its existence had previously been suggested on 
the basis of a correlation between ERCC1 expression and occurrence of EGFR mutations in 
non-small cell lung cancer (NSCLC). It was demonstrated that interaction of ERCC1 and EGFR 
can be a key modulator of repair of DNA strand breaks, independent of NHEJ, and ICLs in-
duced during cancer treatment (124,125).

SCOPE OF THE THESIS
Understanding DNA repair pathways such as NER, DSB and ICL repair is of basic 

interest for understanding fundamental cellular processes. It also forms the basis for un-
derstanding molecular details of diseases when defects occur in these pathways. Additional 
insight will help us to define relations to other cellular processes, and to find relations be-
tween the different DNA repair pathways, ageing and cancer. Detailed knowledge of these 
interactions can unravel the function of ERCC1 and XPF in the different DNA repair pathways. 
It forms a foundation for understanding the molecular basis for several related diseases and 
could lead to therapeutic strategies to overcome those. Moreover, the involvement of ER-
CC1-XPF in DNA repair, especially the removal of damages induced during platinum-chemo-
therapy in various cancer types, results in tumor resistance to these treatments. This reflects 
another horizon in medical importance of ERCC1-XPF, and has increased the attention to 
possible regulation of ERCC1-XPF expression and activity (14,124). In fact, the correlation be-
tween ERCC1 expression and the resistance to chemotherapeutic treatments makes ERCC1 a 
potential biomarker for the prediction of chemoresistance and patient survival (126). It has 
been proposed that ERCC1-XPF may be a possible target to overcome the chemo-resistance 
in cancers treated with cisplatin (114). By increasing our knowledge of the DNA repair path-
ways, it is my expectation that one day we can treat the related defects and overcome the 
associated diseases. 

In the research described in this thesis the heterodimeric complex of the (HhH)2 
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domains of ERCC1-XPF was studied, as well as its stability and role in DNA recognition. In 
Chapter 2, the effects of the disease-related F231L ERCC1 mutation (F231L) are described. 
F231 is part of the cavity of ERCC1, which contains the F894 anchor of XPF. It is shown that 
the F231L mutation causes a small but significant destabilization of the interaction between 
ERCC1 and XPF. As described above, loss of function of ERCC1-XPF endonuclease in diverse 
DNA repair pathways especially ICL repair can in some cases lead to the severe COFS syn-
drome. In principle, this can explain the observed phenotype of the patient for which the 
F231L mutation was established.

In Chapter 3, a detailed look into the interaction between ERCC1 and XPF in the 
ERCC1-XPF complex is given. The stability of the ERCC1-XPF complex was analyzed from a 
thermodynamic and a kinetic perspective and it is discussed which factors contribute to the 
stability of the heterodimeric complex. Furthermore, a model is presented that explains the 
preferred formation of ERCC1-XPF heterodimers.

In Chapter 4, the model for binding of ERCC1-XPF at a ds/ssDNA junction is exam-
ined. This model was initially based on interactions between XPF (HhH)2 homodimers and 
short ssDNA nucleotides. The original model is validated with interaction studies of heterod-
imeric ERCC1-XPF and different DNA substrates, including ds/ssDNA forks. The biochemical 
and biophysical data show that the ERCC1 (HhH)2 domain binds primarily to dsDNA and that 
at the same time the XPF (HhH)2 domain can bind to ssDNA. In this way, the heterodimeric 
ERCC1-XPF complex can optimally bind at a ds/ssDNA junction as present during NER DNA 
repair. 
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 ABSTRACT
The ERCC1-XPF heterodimer, a structure-specific DNA endonuclease, is best known 

for its function in the Nucleotide Excision Repair pathway. The ERCC1 point mutation F231L, 
located at the hydrophobic interaction interface of ERCC1 and XPF, leads to severe NER 
pathway deficiencies. Here, we analyze biophysical properties and report the NMR structure 
of the complex of the C-terminal (HhH)2 domains of ERCC1-XPF that contains this mutation. 
The structures of wildtype and the F231L mutant are very similar. The F231L mutation 
results in only a small disturbance of the ERCC1-XPF interface where, in contrast to F231, 
L231 lacks interactions stabilizing the ERCC1-XPF complex. This results in a more dynamic 
complex causing reduced stability and an increased dissociation rate of the mutant complex 
as compared to wildtype. These data provide a biophysical explanation for the severe NER 
deficiencies caused by this mutation.
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INTRODUCTION
UV light, ionizing radiation, mutagenic compounds, as well as natural cellular 

metabolism can damage DNA and lead to mutations causing cancer or cell death and 
senescence contributing to ageing-related disorders (1). As a countermeasure the cell has 
developed a set of complementary repair mechanisms, one of which is the nucleotide 
excision repair (NER)3 pathway (2,3). This multi-step ‘cut-and-patch’ repair system deals 
with the broad class of helix-distorting lesions, including UV-induced DNA lesions and 
numerous bulky chemical adducts and intrastrand crosslinks. Two proteins involved in this 
repair process, ERCC1 (excision repair cross complementation group 1) and XPF (xeroderma 
pigmentosum complementation group F) form a heterodimeric complex which functions 
as a structure-specific DNA endonuclease responsible for the 5’ incision, when the lesion 
is excised from the DNA as a 22-30 oligonucleotide in a late step of the NER reaction (4,5). 
There is considerable evidence for additional NER-independent roles of the ERCC1-XPF 
heterodimer in homologous recombination (6-9), repair of interstrand DNA crosslinks (ICL) 
(9,10), telomere length maintenance (11-13), double-strand break (DSB) repair (14) and 
gene conversion (9,15).

The proper functioning of the ERCC1-XPF complex as endonuclease in NER critically 
depends on the formation of a heterodimer via their C-terminal tandem helix-hairpin-helix 
(HhH)2 domains (16-19). This contact region of the dimer is not only important for the 
interaction between the monomers, but also plays a role in DNA binding: the C-terminal 
domain of ERCC1 is essential for double-strand (ds) DNA binding (18,20,21), whereas the 
C-terminal (HhH)2 domain of XPF can bind single-strand (ss) DNA (22). We proposed that 
this would position the ERCC1-XPF complex at a ss/ds-DNA junction, and places the catalytic 
module of XPF, which is adjacent to its (HhH)2 domain, to the 5’ site at some distance from 
the DNA lesion (22).

In classic cases of XPF deficiency, the DNA repair function is still partly retained and 
UV sensitivity is only moderately increased (23-25). In recent years, however, several more 
severe cases of XPF-related deficiencies have been described (10,26-29). Mutational studies 
on a mouse homolog of human ERCC1 have shown the N-terminus of ERCC1, despite being 
dispensable for DNA repair, to be important for heterodimer expression (7,30). Inherited 
deficiencies in ERCC1 are rare in human(28,31,32), probably reflecting the lethality of many 
genetic mutations in this protein, which became apparent also from studies in mice perinatal 
mortality (33). The similarity of these symptoms to those resulting from XPF defects in mice 
combined with the biochemical and cellular parallels support the notion that ERCC1 and 
XPF function as an obligate complex in vivo. Only, two cases involving ERCC1 defects have 
been reported in human, having in common a F231L point mutation that causes one of 
the severest cases of NER deficiency known until now. The first case (165TOR) is a biallelic 
heterozygous mutation, one of which is F231L, which leads to severe degeneration of 



44

the brain and spinal cord and death at early infancy (31,34). The second case of ERCC1 
deficiency is a biallelic homozygous F231L mutation, resulting in an early onset of Cockayne 
Syndrome (CS) and patient’s death at early infancy. Both cases link the F231L mutation to 
NER deficiency, where the ERCC1-XPF complex is still present, but in reduced quantities, 
resulting into slower repair rates (28). 

F231 is conserved in ERCC1 of invertebrates and mammals. The residue is located 
in the C-terminal (HhH)2 domain of ERCC1, and in the wildtype protein structure it has 
extensive interactions with the (HhH)2 domain of XPF (16,18,20,21). Therefore, in principle 
the loss of ERCC1-XPF functionality in the F231L mutant could be due to ERCC1 instability, 
and/or the reduced stability of the entire ERCC1-XPF complex. Furthermore, since the 
phenylalanine is in close proximity to the hairpin regions of the ERCC1 (HhH)2 domain that 
are important for its DNA-binding role, the mutation could also affect the DNA-binding 
properties of ERCC1-XPF complex. In order to analyse these possibilities, we produced 
and purified the ERCC1-XPF (HhH)2 complex containing the F231L mutation and compared 
several structural and functional properties to those of wildtype ERCC1-XPF. We show that 
while the mutant heterodimer preserves the overall fold of the ERCC1-XPF (HhH)2 complex 
as well as its DNA-binding properties, the mutation causes a side chain reorientation for 
residue 231 that disrupts interactions with nearby amino acids of XPF. We show that this 
small, local disturbance in ERCC1-XPF heterodimer leads to a lower stability of the complex 
due to an increased dissociation rate.

EXPERIMENTAL PROCEDURES
Cloning, Protein Expression and Purification - The construct for the F231L ERCC1 

(HhH)2 mutant was prepared by using an extended mutagenic 5´ primer during PCR 
amplification with the wildtype construct as a template (residues 220-301). Subsequently, 
it was cloned into the BamHI-XhoI site of the pET28b bicistronic expression vector (18), 
substituting the wild-type ERCC1 coding region, construction was verified by DNA 
sequencing. The plasmid was transformed into the Escherichia coli rosetta (DE3) strain, 
overexpressed, and purified using a Ni2+-NTA-agarose column followed by gel filtration 
as described for wildtype ERCC1-XPF (18). During NMR analysis it was found out that the 
expressed protein was a 1:1 mixture of a longer than expected protein, probably due to the 
presence of a rare alternate start codon (35,36) next to the constructed one, which resulted 
in seven additional amino acids at the N-terminus of ERCC1 (RIRRRYN). This alternative 
initiation codon was found for both wildtype and mutant, and did not interfere with DNA 
binding or stability as judged by NMR.

Surface Plasmon Resonance - DNA binding to the F231L ERCC1-XPF (HhH)2 

heterodimer was measured by SPR as described before (37). All solutions for SPR were 
filtered through a 0.22 μm filter and degassed. The experiments were performed at 12 °C 
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in 10 mM Hepes, pH 7.5, 50 mM NaCl and 0.005% (w/v) Tween20 (SPR buffer) at 10 μl/min 
using a Biacore® X system (Biacore AB, Sweden). The mutant and wildtype ERCC1-XPF (HhH)2 

complexes were exchanged to the SPR buffer using Zeba Spin Desalting Columns (Thermo 
Scientific, USA). Protein concentrations were determined before and after each experiment 
using SDS-PAGE.  Low-binding tubes and tips were used to prevent the loss of sample during 
handling. Mutant or wildtype ERCC1-XPF (HhH)2 complex (0.05 mM), in absence or presence 
of double strand “bubble10” (i.e. annealed DNA GGGCGGCGGG(T)10GGCGGGGCGG and 
CCCGCCGCCC(T)10CCGCCCCGCC) with concentrations ranging from 0.01 to 100 mM using a 
dilution factor of 2, was incubated in the SPR buffer for 20 minutes on ice, injected over the 
NTA CM5 sensor chip. The association was monitored for 60 seconds and the dissociation 
for 120 seconds. Before each SPR experiment, Ni2+ was immobilised on the second flow cell 
of the sensor chip (Biacore AB, Sweden) while the first flow cell was used as a reference 
surface. Between consecutive injections, the chip was regenerated with 10 μl of 0.25 M 
EDTA in 3.5 M guanidine pH 8.0. Data was processed using the Biaevaluation 3.2 software. 
To calculate the apparent dissociation constant (K  ) of the DNA binding to the ERCC1-XPF 
(HhH)2 heterodimer, the relative amount of DNA-free protein was divided by the total DNA 
concentration and fitted according to a simple 1-to-1 binding model using the software 
Prism (GraphPad Software Inc, USA). Since the DNA prevented His-tag binding of the ERCC1-
XPF (HhH)2 domains on the Ni-NTA surface, the relative amount of DNA-free protein was 
determined as response values at the end of the loading time of 60 seconds (R60) divided by 
the R60 value of the ERCC1-XPF (HhH)2 heterodimer in absence of DNA (fraction =R60[ERCC1-
XPF]free/R60[ERCC1-XPF]total). 

The real-time monitoring of the interaction of ERCC1 with XPF was performed in a 
flow cell maintaining the laminar flow (BIAcore AB), and with a Sensor Chip Ni2+-NTA (Biacore 
AB, Sweden) (37). All experiments were performed at a flow rate of 20 μl/minutes using 
similar conditions as with the SPR for DNA-binding. A set of experiments was conducted at 
three concentrations of wildtype and mutant ERCC1-XPF (HhH)2 heterodimer in duplicates 
(0.2, 0.1 and 0.05 μM) and three temperatures (12 ˚C, 20 ˚C and 25 ˚C). The association 
of the ERCC1-XPF complex on the chip and the dissociation from the chip (expressed as 
reciprocal of time) was monitored for 60 and 120 seconds, respectively. Identical amounts 
of proteins were loaded on the chip without preloaded Ni2+, in order to subtract the baseline 
from each obtained sensogram before analysis. SPR curves were fitted as a single-phase 
decay model over 60 to 180 seconds using the software GraphPad Prism and the equation:

R=(RU - P) e (k         t) +P
app
off  

Here R is the maximum response in arbitrary response units (RU), R0 the response after 
association (60 seconds), P the plateau at infinite times, and kapp

off
is the sum of the off-rate of 

the XPF dissociation from His-tagged ERCC1 and of the His-tagged protein from the chip. The 
SPR chip performance was optimized using different protein concentrations combined with 

app

D
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different Ni2+ concentrations and different flow rates, based on the findings of Nieba et al. 
(37). The protein complex was loaded on the chip with a 12-25 °C temperature-gradient and 
the dissociation was followed for 1000 seconds. No reliable data could be obtained above 
25 °C due to elevated dissociation of His-tagged protein from the chip. The baseline for the 
buffer was subtracted.

Circular Dichroism - CD spectra were measured using a JASCO J-810 spectropolarimeter 
as described before (38,39). The instrument was calibrated with d-10-camphor sulfonate, 
assuming [θ]291 = 7820 deg cm2 dmol-1, and with non-hygroscopic ammonia d-10-camphor 
sulfonate, assuming [θ]290.5 = 7820 deg cm2 dmol-1. The thermal unfolding of wildtype and 
mutant ERCC1-XPF-His6 was measured in the far-UV wavelength range (190-250 nm) under 
identical conditions (CD buffer: 50 mM NaPO4, 100 mM NaCl, pH 7.0, protein concentrations 
about 25 μM, path-length cell 1 mm). Ten 10-second scans were recorded and the temperature 
was increased from 15-85 ˚C in increments of 1 ˚C/minute. The signal intensities at 222 nm 
were collected for each temperature and analysed as described above (38).

Thermal Shift Assay - Thermal shift experiments were performed in 96-well thin-
wall PCR plates sealed with Optical-Quality Sealing Tape. The fluorescence changes were 
followed on an iCycler iQ PCR Detection System (BioRad) from 15-95 ˚C in increments of 0.2 
˚C/minute by monitoring Sypro Orange fluorescence and analysed (40). The wavelengths 
used for excitation and emission were 490 and 575 nm, respectively.

NMR spectroscopy - NMR spectra were recorded at 290 K, unless indicated differently, 
using a Bruker Avance DRX 600 MHz system with a TCI cryoprobe, an Avance II 750 MHz 
machine with a TXI probe and an Avance III 900 MHz spectrometer with a TCI cryoprobe. Triple 
resonance experiments (including HMCMCGCBCACONH) were recorded using 0.4 mM 13C/15N-
labeled ERCC1-XPF-His6 in NMR buffer (50 mM NaPi, 100 mM NaCl, 8% 2H2O, pH7.0) (41,42). 
Spectra were processed with Topspin version 2.1/3.0, or NMRPipe (43) and analysed in Sparky 
(44) to assign backbone and side-chain 1H, 15N and 13C resonances. A 2D NOE spectrum  (τmix 
= 80 ms), a 3D NOESY-[1H,15N]-HSQC spectrum (τmix = 100ms), and a 3D NOESY-[1H,13C]-HSQC 
spectrum (τmix = 80ms) were recorded. An additional 3D NOESY-[1H,13C]-HSQC spectrum (τmix 
= 80ms) was obtained with ERCC1-XPF in D2O.

For NMR temperature series 2D [1H,15N]-HSQC spectra were measured at 
temperatures ranging from 280 to 333 K using 400 μM of 15N-labeled wildtype and mutant 
ERCC1-XPF in NMR buffer. In total, fifteen 2D [1H,15N]-HSQC spectra were recorded at 750 
MHz and chemical shift changes were analysed with Sparky (45,46).

Proton-deuterium exchange of 15N-labeled mutant and wildtype ERCC1-XPF (HhH)2 
heterodimer was measured at 750 MHz in 100 mM NaCl, 50 mM NaPi, pH 6.8. Prior to 
monitoring H/D exchange, the acquisition parameters were adjusted with wildtype ERCC1-
XPF prepared in NMR buffer (47). Dissolving the lyophilized sample in 2H2O, transferring to 
the NMR tube, transfer to the NMR instrument and temperature equilibration resulted in a 
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total preparation time of 8 minutes. Thereafter the acquisition of series of 2D [1H,15N]-HSQC 
spectra for following the H/D exchange was started. For each residue the decay of the signal 
intensities as a function of time was evaluated as described (48).

Phase-modulated CLEAN chemical exchange (CLEANEX-PM) experiments were 
recorded at 600 MHz as explained by Huang et al. (49). Signal intensities were obtained from 
2D (CLEANEX-PM)-FHSQC spectra recorded with a mixing time of 100 ms and for reference 
compared to a control FHSQC spectrum as described in (41).

NMR structures were calculated using CYANA3.0 (50,51). Distance restraints were 
derived from NOESY peak intensities. Torsion angle restraints φ and ψ were derived from 
HN, Hα, 15N, 13Cα, 13Cβ and 13CO chemical shifts using TALOS+ (52) with an extra error of ±10 
degrees. In each CYANA cycle 100 structures were generated and energy-minimized using 
10,000 steps of simulated annealing. After initial CYANA runs additional NOE assignments 
were obtained by manual inspection of the NOESY spectra. Before water refinement, CYANA-
derived NOE and H-bond restraints, in addition to the torsion angle restraints derived from 
TALOS+ (53) were used to calculate 100 structures with CNS (54,55). Water refinement 
was done on each of these structures using restrained molecular dynamics in a hydrated 
environment. The twenty lowest energy conformations were validated using WHATIF, 
WHATCHECK and iCing (56-58). Molecular images were generated using Pymol (59,60).

For the wildtype ERCC1-XPF (HhH)2 heterodimer domain, we observed inconsistencies 
in the precise length of helix α. While the helix length for the F231L ERCC1-XPF mutant was 
consistent with that of the crystal structure of wildtype ERCC1-XPF (2A1J), this helix was 
shorter in the NMR structure of wildtype ERCC1-XPF (1Z00). Therefore the NMR structure 
of wildtype ERCC1-XPF was recalculated following the same protocol as for the mutant. For 
this, the previously determined NOE based restraints and restraints for H-bonds (18) were 
combined with φ and ψ torsion angle restraints derived from TALOS+ (53) for the calculation 
of an ensemble of 100 conformers with CNS (54,55). Water refinement, validation and 
generation of molecular images were as for F231L ERCC1-XPF.

RESULTS
Similar to the heterodimeric complex of the C-terminal (HhH)2 domains of wildtype 

ERCC1-XPF (18), the system containing the F231L mutation could only be overexpressed and 
purified as an obligate complex using a bicistronic expression vector. During size exclusion 
chromatography there was no indication of dissociation arguing that F231L ERCC1-XPF can 
form a stable heterodimeric (HhH)2 complex, similar to the wildtype situation.

DNA-binding - Based on the models presented before, in wildtype ERCC1 the helices 
of the first HhH motif make extensive contacts with the dsDNA minor groove near the ss/
ds-DNA junction (22). Therefore, the F231L mutation, located in this first helix, could well 
interfere with DNA binding of ERCC1-XPF. It is known that bubble-shaped DNA substrates 



48

containing ss/ds-DNA junctions efficiently bind wildtype ERCC1-XPF heterodimer (18,21). 
One of the highest-affinity DNA probes appears to be “bubble10”, where two double-
stranded GC-rich segments flank a region of 20 unpaired thymine bases. We have used the 
Electrophoretic Mobility Shift Assay and found that both wildtype and F231L mutant ERCC1-
XPF bind to DNA with comparable affinity (data not shown). Recently however, we found 
that the relatively weak DNA binding of ERCC1-XPF can be more accurately analysed using 
Surface Plasmon Resonance (SPR). We have compared the ability of F231L and wildtype 
ERCC1-XPF to bind bubble10 DNA. For this, Ni2+-nitrilotriacetic acid (Ni2+-NTA) chips were 
loaded with wildtype or mutant heterodimer and immobilized on the chips via the C-terminal 
Histidine-tag of ERCC1. The recorded SPR responses (Supplementary Figure S1) of wildtype 
and mutant complexes upon DNA binding were used to calculate the dissociation constants 
(Kd). Both were determined to be about 0.2 mM, i.e. within error the same (Figure 1A). 
These DNA-binding studies show that it is not likely that impaired DNA binding would be 
the explanation for the malfunctioning of nucleotide excision repair as seen for the patients 
with the ERCC1-XPF F231L mutation.

Biophysical characterization - Next, the effect of the F231L mutation on the stability 
of the ERCC1-XPF (HhH)2 complex was analysed. Therefore, we compared the temperature-
dependent behavior of F231L and wildtype ERCC1-XPF (HhH)2 heterodimers using a thermal 
shift assay (ThermoFluor) (40), which measures the increase in fluorescence upon exposure 
of hydrophobic patches during protein unfolding. The assay is commonly used to follow 
the unfolding of a protein with increasing temperatures. For ERCC1-XPF two transitions 
upon temperature increase were found (Figure 1B), similarly as observed previously using 
other approaches (38). The first transition at ~50 °C is interpreted as the dissociation of 
the ERCC1-XPF heterodimer followed by ERCC1 denaturation, and the second transition at 
~80 °C is explained as the unfolding of subsequently formed XPF homodimers. We noted a 
significant difference in the first transition temperatures between the wildtype and F231L 
complexes, with onsets of dissociation at 52.0 ± 0.5 °C and 47.5 ± 1.0 °C, respectively. 
Although the difference in transition temperatures for the heterodimers can be interpreted 
as directly caused by a difference in unfolding of mutant versus wildtype ERCC1-XPF, it 
could also be the result from structural distortions in ERCC1, in its binding partner XPF, and/
or by enhanced dissociation of ERCC1-XPF, which could all lead to increased exposure of 
hydrophobic surfaces.

Far-UV Circular Dichroism (CD) directly probes changes in secondary structure 
formation, and ellipticity at 222 nm is indicative for the helical content of proteins (61). 
For both mutant and wildtype ERCC1-XPF again a biphasic behaviour was observed upon 
increasing temperature, similarly as previously observed for the wildtype heterodimer 
(Figure 1C) (18). Also here, the first transition (at a Tm of 51.0 ± 1.0 °C) reflects heterodimer 
dissociation followed by ERCC1 (HhH)2 unfolding, while the XPF (HhH)2 domain remains 
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folded and forms a homodimer (38). The high-temperature transition (with a Tm of 76.0 
± 1.0 °C) reflects XPF homodimer dissociation and subsequent unfolding. Comparing the 
change in ellipticity as a function of temperature for the F231L and wildtype ERCC1-XPF 
complex, we observe no evident differences in the first transition between the two proteins. 
The second transition is also very similar for both complexes, which can be expected since in 
both cases it probably involves the unfolding of the same XPF homodimer. Whereas the CD 
spectra show that the ERCC1 and XPF secondary structure elements of both wildtype and 
mutant ERCC1-XPF start to unfold at similar temperatures, the ThermoFluor analysis shows 
that the mutant heterodimer is influenced already at lower temperature than wildtype. 
Since CD monitors the unfolding of helices, while the ThermoFluor analysis can also signal 
dissociation of the heterodimer that precedes the unfolding of the ERCC1 monomer, we 
propose that the observed differences are indicative for the increased dissociation of F231 
ERCC1-XPF (HhH)2 heterodimers due to the F231L mutation.

Association and dissociation of proteins forming complexes can be studied using 
SPR (62). To study the dissociation of the wildtype and mutant heterodimeric ERCC1-XPF 
complexes directly, they were immobilized via the C-terminal Histidine-tag of ERCC1 on 
Ni2+-NTA chips. The increase in SPR response upon loading the ERCC1-XPF complex shows 
that the complex can be successfully loaded within 50 seconds (Figure 1D). Upon buffer 
elution a drop of the SPR response is observed till it reaches a plateau at about 50% of the 
initial response. Given the similar molecular weights of XPF and ERCC1, this reduction can 
be explained by the dissociation of XPF from ERCC1. Upon continued elution for 1000 s, we 
observe the return of the SPR response to its starting level due to dissociation of His-tagged 
ERCC1 from the Ni2+-NTA chip (not shown).

The dissociation of wildtype and mutant ERCC1-XPF was followed by SPR at 
different heterodimer concentrations, temperatures and salt concentrations (Figure 1D, 
Supplementary Figure S2). Negative response at temperatures above 25 °C suggests that 
the SPR results are biased by ERCC1 precipitation. At 25 °C and lower temperatures, at lower 
ionic strength the dissociation rates  kapp

off
for wildtype and mutant seem only marginally 

different (Table 1, Supplementary Figure S2). For example, at 12 °C and low ionic strength, 
the k

app

off  for the F231L mutant was 1.9 ± 0.3 × 10-2 s-1, while for wildtype ERCC1-XPF  k
app

off  was 
1.3 ± 0.2 × 10-2 s-1. At higher ionic strength the kapp

off  for the wildtype ERCC1-XPF is similar to 
the kapp

off at 50 mM NaCl, with a value of 1.43 ± 0.03 × 10-2 s-1, whereas for the F231L mutant 
the dissociation rates kapp

off
 significantly increases to 3.0 ± 0.3 × 10-2 s-1 (Figure 1D).
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FIGURE 1. DNA binding and stability of the wildtype ¬and F231L ERCC1-XPF (HhH)2 heterodimers. A, DNA binding 
by wildtype and mutant ERCC1-XPF measured using SPR. The figure displays ratio of R60 values of ERCC1-XPF 
(HhH)2 in the presence and absence of bubble10 DNA (R60 [ERCC1-XPF]free /R60 [ERCC1-XPF]total) as a function of the 
concentration of DNA. B, thermal shift assay. The stability of ERCC1-XPF (HhH)2 is measured using the Sypro Orange 
Thermofluor assay (40). The empty squares and black line indicate the data for wildtype, the black triangles and 
grey line the data for the mutant. C, thermal stability measured by CD spectroscopy. Color scheme as in (B). D, 
dissociation of ERCC1-XPF measured by SPR. The graphs show the dissociation of XPF from immobilized wildtype 
ERCC1 (shown in grey and fitted in red) and immobilized F231L ERCC1 (shown in black and fitted in blue at 150 mM 
NaCl and 12°C).

          TABLE 1
Dissociation rates for wildtype and F231L mutant ERCC1-XPF (HhH)2 heterodimers measured by SPR

ERCC1-XPF koff
app [10-2 s-1]

50 mM NaCl 12°C 20°C 25°C
wildtype 1.3±0.2 1.5 ±0.1 2.3±0.3
F231L 1.9±0.3 2.0±0.5 3.0±0.1
150 mM NaCl 12°C
wildtype 1.43±0.03
F231L 3.0±0.3
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NMR spectral differences between wildtype and F231L ERCC1-XPF - Since NMR 
assignments for the wildtype complex were already available (18), we report here those for 
the F231L mutant ERCC1-XPF (HhH)2 complex. The 2D [1H,15N]-HSQC spectra of the wildtype 
and F231L mutant ERCC1-XPF (HhH)2 complexes are similar, but do show differences, 
both in chemical shift (Figure 2 and Supplementary Figure S3) and in intensity (Figure 2). 
Comparing the chemical shifts (Figure 2A, 2C and Supplementary Figure S3) it is noted that 
differences are mostly close to the F231L mutation site (i.e. for ERCC1 helix α L227, Q229, 
D230, V232, S233 and V235), but significant chemical shift differences are also found for 
residues further away, both in ERCC1 and in XPF (HhH)2. Among these distant residues are 
M224, E237, T252-L260, L263, R268 and G278 in ERCC1 helices α and γ, and F894-S899 in 
the XPF C-terminal helix. Whereas the local chemical shift differences could be merely the 
effect of the different chemical nature of F231 and L231, the distant differences may reflect 
structural differences, which could influence the association and dissociation behavior of the 
ERCC1-XPF complex. Figure 2C shows that the observed chemical shift differences are most 
pronounced for residues that locate in the wildtype structure at the ERCC1-XPF interface, 
suggesting that the monomeric folds of ERCC1 and XPF are very similar in both complexes 
and that the mutation mainly affects contacts between ERCC1 and XPF. 

Intensity differences between the 2D [1H,15N]-HSQC spectra of wildtype and F231L 
mutant ERCC1-XPF were noted as well (Figure 2B). The graph shows a plateau that coincides 
with regions that in the wildtype ERCC1-XPF (HhH)2 complex have stable secondary structure. 
F231L ERCC1-XPF shows reduced intensity for residues that are directly contacting the 
mutation site in the wildtype structure, i.e. for residues in helices α, β and γ of ERCC1 (Q229, 
D230, V232, S233, T252, L253, T255, F257, G258, S259) and for residues in the C-terminal 
helix of XPF (T892, S893, F894). In fact, lack of signal intensity might be the reason that the 
amide proton of L231 could not be unambiguously assigned. The differences between the 
wildtype and F231L ERCC1-XPF HSQC signal intensity likely reflect increased local dynamics 
in F231L ERCC1-XPF at the mutation site.

Amide proton exchange - The interface of the complex of the (HhH)2 domains 
of wildtype ERCC1-XPF is formed by hydrophobic interactions involving several aromatic 
phenylalanine residues (of which two important ones are the pseudo-symmetric anchors 
F293 (in ERCC1) and F894 (in XPF)), and several intermolecular hydrogen bonds (S259 HG…O 
T892, E261 HN…O I890, F293 HN…O K860, N834 HN…O F293, N834 HD21…O P292, H891 
HD1…OE2 E261 and A895 HN…O G258) (18,21). The importance of hydrogen bonding for 
the stability of the ERCC1-XPF complex, and the effect of the F231L mutation on this stability 
was studied by amide proton/deuterium (H/D) exchange. For this, we acquired a series of 
2D [1H,15N]-HSQC spectra of wildtype and mutant ERCC1-XPF (HhH)2 heterodimer freshly 
dissolved in 2H2O and compared the H/D exchange for all residues that were still visible 
after the dead-time of the experiment (i.e. eight minutes) and were non-overlapping in the 
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spectra of the wildtype ERCC1-XPF heterodimer as well as the mutant F231L. A comparison 
of the H/D exchange could be made for residues C238, T240-V242, L253, T255, S259-E261, 
L263, A265, S267, L271, A272, A282, L285, H290, L294 of ERCC1 and the residues D839, 
L842, K847, M856, V859, N861-A863, L873, T874, I876, L877, A883, Q885-T892 of XPF. 
Overall, we note similar H/D exchange rates for wildtype and mutant ERCC1-XPF (HhH)2 

heterodimer, with slow exchanging amide protons in the core of the complex and quick 
exchange for residues that are more surface exposed. Only the ERCC1 residue L253 of the 
F231L mutant shows significant faster exchange than in the wildtype, which suggests an 
increased solvent accessibility for the helix  of ERCC1 (Supplementary Figure S4). 

Whereas H/D exchange measures slow (minutes to hours) amide proton exchange 
(63), CLEANEX-PM experiments can probe fast (sub-second) solvent exchange (49). Also 
with CLEANEX-PM no significant exchange differences were observed between the wildtype 
and mutant ERCC1-XPF. The only exception for which solvent exchange was reduced in the 
mutant is the amide proton of V235 in helix α of ERCC1, which is four residues apart from 
the F231L mutation site and hydrogen bonded to residue 231 in the wildtype structure. If 
any, this suggests even a slightly increased stability of helix α in F231L ERCC1 as compared 
to the wildtype system.

In summary, between the wildtype and mutant ERCC1-XPF (HhH)2 heterodimers 
differences in amide proton chemical shifts and in NMR intensities are seen for regions in 
direct contact with the mutation site and for residues localized near the F894 anchor of 
the interface of ERCC1-XPF. The solvent exchange experiments indicate that the integrity 
of the ERCC1 and XPF monomers is hardly affected by the F231L mutation. In line with the 
thermal stability analysis this also indicates that the reduced stability of ERCC1-XPF that 
we observed, is not caused by differences in secondary structure stability, but is rather the 
result of different association or dissociation properties of the (HhH)2 complex.

FIGURE 2. NMR chemical shift and [1H,15N]-HSQC signal intensity analysis of 
wildtype and F231L ERCC1-XPF (HhH)2 heterodimers. A, chemical shift differences 
between the mutant and wildtype. The figure shows the difference for amide 
proton chemical shifts DHN(dWT-dF231L) (in ppm). Unassigned residues are marked 
with an asterisk, for the mutation site in red. B, variation in [1H,15N]-HSQC cross-
peak intensities. The intensities for the wildtype are depicted in black and for 
the F231L mutant in blue. Signal intensities are normalized to the highest signal 
intensity (K905). The horizontal line is a measure for the signal intensity for 
residues in secondary structure elements. Regions with HSQC intensities below 
average, with significant lower intensity for the mutant compared to the wildtype 
ERCC1-XPF (HhH)2 heterodimer are indicated by an asterisk.
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Wildtype F231L mutant
Dd/DT (ppb/K)

V235 -2.932 -9.358
C238 2.733 1.095
L239 -2.684 -5.859
L242 -2.932 -4.450
Q251 -6.294 -2.527
L253 -4.080 -2.476
T255 -4.972 -0.051
S259 -5.494 1.977
L263 -3.992 -2.01
A265 -0.062 -2.125
I890 -1.831 -1.350
F894 -2.565 2.415

TABLE 2
Residues with significantly different proton temperature coefficients
 (Dd/DT) for wildtype and F231L mutant ERCC1-XPF (HhH)2 heterodimers 
measured by NMR

Temperature-dependent chemical shift changes - Temperature-dependent chemical 
shift changes for the amide protons of wildtype and mutant ERCC1-XPF are usually linear 
as a function of temperature, and the Dd/DT gradients can be related to hydrogen bond 
strengths. (45,46). Slow amide proton exchange combined with a temperature coefficient 
more positive than −4.5 ppb/K indicates the presence of a hydrogen bond, while fast 
exchange combined with a temperature coefficient more negative than −4.5 ppb/K indicates 
the absence of a hydrogen bond. The residues with significant differences between wildtype 
and mutant (cf Table 2, Supplementary Figure S5) are mostly located in direct vicinity of the 
mutation site or around the anchor in its neighborhood, F894, indicating that the mutation 
causes mainly a local structural effect. However, overall, with only a few exceptions, the 
temperature coefficients are more negative for the F231L mutant than wildtype ERCC1-XPF, 
suggesting a reduced overall stability of F231L ERCC1-XPF.

 NMR structure - To see whether the increased dissociation of the F231L mutant 
ERCC1-XPF complex is caused by structural differences between the wildtype and mutant, 
we decided to determine the NMR structure of the F231L ERCC1-XPF (HhH)2 heterodimer 
and compared it to existing structures of wildtype ERCC1-XPF. To allow direct comparison 
we recalculated the earlier reported wildtype ERCC1-XPF (HhH)2 heterodimer NMR structure 
with exactly the same parameters as the F231L mutant.
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FIGURE 3. Secondary structure elements of wildtype and F231L ERCC1-XPF (HhH)2 heterodimers.  Top: secondary 
structure elements for wildtype (WT) and mutant (F231L) ERCC1 predicted by TALOS+, and detected in the lowest 
energy structure after (re)calculation of the NMR ensembles. Top: ERCC1; Bottom: XPF. Unassigned amide protons 
are shown in blue in the sequence. The N-terminal extension assigned in mutant ERCC1 is shown in gray.

The NMR structures of the wildtype and F231L ERCC1-XPF (HhH)2 heterodimeric 
complexes were determined using NOE-based distance restraints and chemical-shift based 
torsion angle restraints (Figure 4A, Table 3). The total number of NOEs used to calculate the 
structure of the F231L mutant ERCC1-XPF is lower than that for wildtype. Still, the overall 
quality of the wildtype and F231L mutant ERCC1-XPF structures is similar. The secondary 
structure elements in the wildtype and mutant structure ensembles are very similar. 
The helices α-e of wildtype ERCC1 (i.e. M224-T240, K247-F257, L260-A265, R268-A272, 
P279-H290, resp.) and the helices α‘-e‘ of XPF (i.e. E829-E831, P837-K843, A849-H858, 
I862-A866, Q870-L877, A880-H891, F894-K900, resp.) are almost invariably present in all 
conformers of the ensemble of mutant ERCC1-XPF. However, some differences are evident 
from the NMR structures. For the wildtype heterodimer, assignments are lacking for the 
N-terminus of ERCC1, which obviously leads to a lower number of NOEs for this part of the 
protein. Therefore, as pointed out above, helix α of wildtype ERCC1 starts at M224, whereas 
that of F231L ERCC1 starts at D221 (Figure 4A).

Even though the two NMR ensembles of wildtype and mutant ERCC1-XPF are well-
defined and the overall fold is the same, the structures show small local differences. The 
closest-to-mean RMSD values for all heavy atoms are 1.35 Å for ERCC1 residues 227-294, 
1.15 Å for the XPF core residues 831-896 and 1.29 Å for both regions together. This indicates 
small but genuine differences between the two structures, indicating that the XPF part is 
more similar than the ERCC1 monomer. After superimposing the backbones, interesting 
differences are seen for the side chain orientations of the two complexes. In wildtype ERCC1-
XPF, F231 is embedded deeply in the core of the (HhH)2 heterodimer structure (Figure 4A). 
Its aromatic side chain and the backbone show short distances (<4Å) to ERCC1 residues 
L227-V235 of the same helix, but the residue is also close to S259 and L260 of ERCC1 and 
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FIGURE 4. Solution structures of wildtype and F231L ERCC1-XPF (HhH)2 heterodimers. A, superimposed NMR 
ensembles of F231L and recalculated wildtype ERCC1-XPF (HhH)2. The backbone of ERCC1 is colored blue (wildtype: 
cyan; F231L: blue); the backbone of XPF is colored green (wildtype: limon; F231L: dark green). The mutated residue 
L231 is shown in red. B, surface depiction and side chain organization for phenylalanines F231, F889 and F894 
of wildtype ERCC1-XPF (HhH)2 and C, for residues L231, F889 and F894 of F231L ERCC1-XPF (HhH)2. Backbones, 
F889 and F894 are colored as in Figure 4A; the side chain of F231/L231 is colored in red, the labels in grey depict 
residues surrounding F231/L231. C, the chemical shift differences are mapped on the wildtype ERCC1-XPF (HhH)2 
heterodimer structure, the ribbon width is a measure for the amide chemical shift difference between wildtype 
and mutant ERCC1-XPF (HhH)2 complex. The most pronounced chemical shifts differences are indicated by arrows. 
In addition, maximum differences are colored red, medium differences as yellow and small or no differences are 
colored green. The F231L mutation site is represented as grey spheres.
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Wildtype F231L mutant 

RMSD (Å)a

  ERCC1 (bb / heavy atom) 0.21 / 0.53 0.24 / 0.71 

  XPF (bb / heavy atom) 0.22 / 0.49 0.30 / 0.68 

  Complex (bb / heavy atom) 0.24 / 0.53 0.30 / 0.72 

Number of peaks   

Assigned 11077 8686

Total 12947 11365

Number of experimental restraints   

  Intra 895 561

  Sequential 1218 738

  Medium 1246 599

  Long intra 777 303

  Long inter 478 223

  Total NOE 4614 2424

  Dihedrals 197 267

  H-bonds 56 63

Consistent violations   

  NOE > 0.5  0  0 

  Dihedral > 5  0  1 (F889 φb)

WhatChecka,c   

Ramachandran plot appearance -2.044 +/- 0.209 -2.703 +/- 0.171

2nd generation packing quality   4.312 +/- 1.403   3.156 +/- 1.304

χ 1 – χ2 rotamer normality -4.879 +/- 0.167 -5.085 +/- 0.322

Backbone conformation -0.412 +/- 0.279 -4.954 +/- 0.209

Ramachandran plota,c

  Favourable 94.4 96.8

  Additionally allowed   5.6   3.2

  Generously   0.0   0.0

  Disallowed   0.0   0.0
 a core residues 227-294 (ERCC1) and 831-896 (XPF)
 b the violation is introduced by the water refinement
 c Results from iCING

TABLE 3 
Statistics of the structure calculations for wildtype and mutant ERCC1-XPF (HhH)2 
heterodimer
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to residues F889, I890, T892, S893, and F894 of XPF. The aromatic side chain of F231 in 
wildtype ERCC1-XPF is packed between the aromatic rings of F894 and F889, making 
T-shaped arrangement with respect to each of these neighboring phenylalanines. The F231L 
mutation does not influence the integrity of helix α, despite a very different side chain 
orientation of residue L231 as compared to F231 in wildtype (Figure 4A-C, Figure 5). In the 
mutant, L231 maintains similar distances and angles toward residues L227-V235 of ERCC1 
and residues F889 and S893 of XPF. However, the mutation allows the side chain of F894 to 
reorient. Consequently, at the ERCC1 region flanking the XPF C-terminus, contacts are lost 
between residues F894, G258, S259 and L260 and the interactions between the segments 
I890-H891 and L260-E261 are weakened. The reduction in aromatic ring interactions likely 
explains part of the differences in chemical shifts for segments L227-E237 and D252-L263 of 
ERCC1 and the segment T892-S899 of XPF (Figure 2).

Due to the F231L mutation, the aromatic side chains of F889 and F894 cannot 
maintain their T-shaped arrangement with respect to residue 231 (Figure 4B-C). In the 
wildtype complex, F889 contacts residues D230, F231, R234, V235, C238 and L260 of ERCC1, 
and M844, P845, the N-terminally located helix e’ (Q885-D888) and segment I890-T892 of 
XPF. In the mutant, F889 modestly changes its contacts with L260 of ERCC1, while most 
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FIGURE 5. Side chain orientations in wildtype and F231L ERCC1-XPF (HhH)2 heterodimer. Side chains of residues 
showing the largest differences between the NMR ensembles are depicted for (A) the (re)calculated complexes of 
wildtype ERCC1 (HhH)2 (top) and XPF (bottom), (B) the calculated complexes of F231L mutant ERCC1 (HhH)2 (top) 
and XPF (bottom). Backbone coloring is as in figure 4A. Amino acid side chains are shown in yellow, with polar 
hydrogen in grey, oxygen in red and nitrogen in blue. The monomers of ERCC1 and XPF are separated for better 
view.



C
ha

pt
er

 2

59

interactions within XPF remain. The situation for the F894 anchor, however, is very different. 
Where most contacts with the neighboring residues in XPF’s F894 interaction pocket 
(T892-S899) are still present in the mutant, the intermolecular contacts with ERCC1 are 
strongly altered due to side chain reorientations for residues Q229, L231 and V235 of helix 
α, residues L254 and F257 of helix β and residue E261 and L263 of helix γ. It was found 
that in addition to these differences in phenylalanine contacts several other residues of the 
complex show side chain reorientations. Most of these residues (E269, L273, N280, R284, 
Y833, C852) are at the surface of the complex (Figure 5), and the observed differences can be 
due to lack of NOEs. However, for the interface residues K843, I862, L865 and Y887 the story 
is different: whereas the backbones of the twenty structures are very well superimposed, 
the differences between the wildtype and mutant consistently show considerable changes 
in side chain orientation (Figure 5). Finally, the F231L mutation not only leads to a significant 
reduction in the intermolecular hydrophobic packing involving the F894 anchor, but also 
a slight increase (0.3±0.01 Å) of the distance between the backbone amide of XPF F894 
and the backbone carboxyl of ERCC1 G258 causing the H-bond between the backbone 
amide of A895 and the backbone carboxyl of G258 to vanish completely. In addition, as a 
consequence of the reorientation of E261, the imidazolium-carboxyl H-bond between H891 
and E261 disappears. Also, the interactions between I264 and XPF residue A863, between 
L289 and F840, and those between the side chain of K843 and ERCC1 residues E237, C238 
and T241 of ERCC1 appear diminished. Overall, the small structural changes initiated by 
the F231L mutation lead to local, modest conformational effects in the direct vicinity of the 
mutation, which accumulate in a number of differences affecting the interface between 
ERCC1 and XPF. 

DISCUSSION
At the moment, the most severe cases of ERCC1-XPF deficiency are described for 

patients with F231L mutation in ERCC1 (28,31). Genetic and functional studies have revealed 
that the first patient carries a null allele and a F231L allele, and the second patient carries 
a biallelic F231L mutation. This F231L ERCC1 mutant in complex with XPF retains enzymatic 
activity.  Analogous to patients with XPF mutations, this phenotype is a consequence of low 
intracellular levels of ERCC1-XPF (28,31). Earlier structural studies of the wildtype ERCC1-XPF 
complex have shown that the interface of ERCC1-XPF is composed of two pseudo-symmetric 
hydrophobic cavities tightly embracing anchor residues and a third, large hydrophobic 
contact region (Figure 6A and 6B) (18,21). The first anchor is formed by the aromatic ring 
of ERCC1 F293, which precisely fills the cavity composed of residues L294 of ERCC1 and 
Y833, N834, P837, Q838, L841, M856, N861 and I862 (helices α’ and β’) of XPF. The second 
anchor is formed by the XPF residue F894 aromatic ring, which fits into the cavity comprising 
ERCC1 residues F231, V232, V235, L254, G258, S259 (helices α and β) and XPF residues 
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F889, T892, S893, A895. The interactions in both anchor regions are stabilized by multiple 
intermolecular and intramolecular hydrogen bonds. The third contact region lies in between 
both anchor regions and involves the pseudo-symmetrically positioned ERCC1 helices α, γ  

and XPF helices α’, γ’and e’. In this region, the aromatic side chain of F840 plays a major role 
for intermonomer contacts. ERCC1 residues C238, L239, T241, L260, L263, I264, L285, V288 
and L289 surround F840 and their contacts to residues G836, P837, Q838, D839, L841, L842, 
K843, M844 and I862 in the pseudo-symmetrically positioned region of XPF support this 
interaction. Furthermore, the short γ, e, γ’ and e’ helices show contacts between the side 
chains of I264, L289 in ERCC1 and A863 and A866 in XPF, and between L260 in ERCC1 and 
F889 in XPF. In addition, the backbone carbonyl of K843 contacts the side chain guanidinium 
group of R234, while the NH3

+-group of the K843 side chain contacts the side chain carboxyl 
of E237 (Figure 5). 

In wildtype ERCC1, F231 is located in helix α. It is part of the cavity containing 
anchor F894 and completely embedded in the heterodimer core. The side chain of F231 is 
located between the aromatic rings of F894 and F889 with stabilizing T-shaped arrangements 
(64). In the F231L mutant, the aromatic side chain of F889 maintains its orientation, whereas 
residues L231 and F894 reorient their side chains towards the surface of the protein (Figure 
6B). This means that not only the interactions of the benzyl group of F231 are missing in the 
F894 hydrophobic cavity, but also that the benzyl group of F894 can no longer function as 
an anchor stabilizing the complex. One step further, since the side chain of F894 becomes 
exposed, a smaller hydrophobic interaction surface is present in the mutant (especially 
concerning residues in helix β), and the lack of aromatic ring interactions destabilizes ERCC1-
XPF by increasing the dissociation rate of the complex.

The reduced hydrophobic character for the interactions within the F231L ERCC1-
XPF complex interface implies that the electrostatic contributions to the interactions should 
relatively increase. Indeed, when increasing the ionic strength, the dissociation rate for 
wildtype ERCC1-XPF did not change much, whereas it increased for mutant ERCC1-XPF. The 
higher dissociation rate for the mutant indicates that the interactions at the interface of 
mutant ERCC1-XPF are more electrostatic in nature than that of wildtype ERCC1-XPF (65,66).
A comparison of wildtype and mutant ERCC1-XPF (HhH)2 complexes shows that the majority of 
structural differences is limited to regions in direct proximity of L231. These include the α and 
γ helices of ERCC1 and the C-terminal helix of XPF. The amides surrounding L231 also show a 
significant decrease in [1H,15N]-HSQC signal intensity as compared to those surrounding F231 
in the wildtype, and the signal of the amide of L231 was even completely lacking. This loss 
of signal intensity can be explained by the occurrence of slow internal dynamics caused by 
millisecond motional effects of the F894 aromatic ring. The observed structural differences, 
mainly at the interface, could lead to instability of the ERCC1-XPF complex. Our stability 
analysis of the ERCC1-XPF (HhH)2 domains using far-UV CD spectroscopy and ThermoFluor 
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analysis shows that the lower temperature stability of the F231L ERCC1-XPF complex is 
not due to a reduced intrinsic ERCC1 and XPF stability but rather to a faster dissociation of 
the heterodimer. Indeed, using SPR, we could directly demonstrate that this dissociation is 
significantly faster for the mutant than for the wildtype complex. 

To conclude, the replacement of F231 by leucine appears to have only little effect 
on the ERCC1 or XPF monomer structures and in vitro stabilities, and to have no direct 

FIGURE 6. Interaction interface of ERCC1 and XPF and the comparison of F293 and F894 cavities at the interface of 
wildtype and F231L mutant ERCC1-XPF. A, the figure schematically represents the three major interaction regions: 
Anchor F293/Pocket 1, AnchorF894/Pocket 2 and the Central Domain involving F840. ERCC1 is shown in blue, 
XPF in green; side chains of important phenylalanines are shown; numbers of residues involved in intermolecular 
interactions are indicated; residue 231 is labelled in red. The F293-cavity in the wildtype (B) and mutant (C) ERCC1-
XPF (HhH)2 complex. The F894-cavity in the wildtype (D) and mutant (E) ERCC1-XPF (HhH)2 complex. Side chains of 
the anchors F293 and F894 are shown as sticks. The side chain of residue 231(F or L) is shown in red.
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functional effect on the DNA binding affinity of ERCC1-XPF at an ss/dsDNA junction. The 
(HhH)2 heterodimer is still formed, which agrees with the fact that ERCC1-XPF based DNA 
repair is still partially functional in patients (28). The mutation influences the hydrophobic 
interactions between ERCC1 and XPF in the heterodimer, causes faster dissociation of the 
ERCC1-XPF heterodimer and in this way reduces the ERCC1-XPF complex stability. This 
increased dissociation of the mutant F231L heterodimer can directly result in a diminished 
amount of ERCC1-XPF complex, which would probably imply that the equilibrium is more 
shifted to the dissociated state. In the cellular context the separate subunits are unstable 
because of increased vulnerability to proteolysis. One reason for the intrinsic instability 
of the individual ERCC1 and XPF molecules might be that uncontrolled DNA binding and 
endonuclease activities of the separate subunits are a threat to regular DNA metabolism. 
The lower cellular concentration of the ERCC1-XPF repair complex will reduce the DNA 
repair capacity and may also lead to the build-up of repair intermediates that wait for the 
rate-limiting ERCC1-XPF step. This may also disrupt DNA metabolism leading to enhanced 
cell death and cellular dysfunction, contributing to the premature aging and cancer 
predisposition of mutants in the ERCC1-XPF complex both in human and mice. This is most 
dramatically illustrated by the very severe Cockayne syndrome-like features, which are 
exhibited by the ERCC1-deficient patients.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. DNA binding by wildtype and F231L mutant ERCC1-XPF (HhH)2 heterodimer. SPR with 
different concentrations of bubble10 DNA binding to the wildtype ERCC1-XPF (HhH)2 heterodimer (A) and the 
mutant F231L ERCC1-XPF (HhH)2 complex (B).

Supplementary Figure S2. Wildtype and F231L ERCC1-XPF (HhH)2 heterodimer dissociation measured by SPR 
under different conditions. A, 12 °C and 50 mM NaCl. B, 20 °C and 50 mM NaCl. C, 25 °C and 50 mM NaCl. Mutant 
and wildtype ERCC1-XPF (HhH)2 heterodimers are shown in grey and black, respectively. All the experiments were 
conducted at three different protein concentrations (0.2, 0.1 and 0.05 μM) and in duplicates. The fits to obtain 
kinetics values are colored in red (mutant) and blue (wildtype).
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Supplementary Figure S4. Proton-deuterium exchange. A, initial [1H,15N]-HSQCs after the deadtime of the 
experiment for wildtype (left) and mutant (right) ERCC1-XPF (HhH)2 heterodimers. Time course of the H/D exchange 
behavior of L253 (B), and V589 (C). Signal intensities for the wildtype system are shown in blue, for the mutant in 
red.
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ABSTRACT
XPF forms a heterodimeric complex with ERCC1 that is functional in nucleotide 

excision repair (NER). In vitro XPF can also form homodimers. The homodimeric state is more 
stable than heterodimeric state at elevated temperatures and in denaturants, however, this 
conformation is not observed in vivo. We now find that the ERCC1-XPF heterodimer can 
rapidly dissociate. Whereas association of ERCC1-XPF is preferred in vivo and in vitro, we 
show that despite this rapid dissociation XPF preferentially re-associates with ERCC1, and 
that XPF only forms homodimers in the absence of ERCC1. Since the structures of XPF in the 
homodimer and in the heterodimer differ, our data suggest that XPF dissociated from ERCC1 
has the proper conformation to re-associate with ERCC1 but that a structural transition is 
required for homodimerization.
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INTRODUCTION
The ERCC1-XPF complex is best understood for its role in nucleotide excision repair 

(NER) but plays a key role in several other DNA repair pathways as well (1-10). ERCC1-XPF 
functions as a structure-specific endonuclease that binds close to the DNA damage site 
using the C-terminal (HhH)2 domains of ERCC1 and XPF, and the adjacent endonuclease 
domain in XPF is responsible for DNA cleavage in the repair process.

The ERCC1 gene was the first cloned gene of the human NER pathway (11) and its 
role in NER has been thoroughly described (1). Still our knowledge on the structural and 
kinetic properties of ERCC1 in complex with other NER proteins is very limited. Firstly, in 1993 
Biggerstaff et al. noted that ERCC1, in complex with XPF, forms a functional endonuclease 
(12). They also observed reduced amounts of ERCC1 in cells lacking XPF, indicating that 
ERCC1 is unstable in the absence of its partner (12). Next in 1995, Park et al. reported the 
purification of the full 38 kDa ERCC1 from HeLa cells by using XPA affinity columns, taking 
advantage of its XPA-binding property (13). This purified ERCC1 was in complex with a 112 
kDa endonuclease, concluded to be XPF on the basis of the ERCC1-XPF sequence homology 
with S. cerevisiae Rad10-Rad1 (13,14). Subsequent mutational studies by Sijbers et al. (14) 
on the ERCC1 gene revealed that its N-terminal 91 aminoacids are poorly conserved and 
dispensible for its function in DNA repair. However, they also showed that the C-terminal 
part of ERCC1, which is crucial for its function, contained a strongly conserved tandem 
Helix-hairpin-Helix [(HhH)2] DNA-binding motif with considerable homology to the NER 
proteins UvrC of E. coli and Swi10 of S. pombe (14). Subsequently, de Laat et al. (15), 
using immunoprecipitation analysis, established that ERCC1 and XPF can indeed efficiently 
form a heterodimeric complex in vitro (15). Via deletion analysis they mapped the protein 
interaction regions to residues 224-297 in ERCC1 and 814–905 in XPF in their C-terminal 
(HhH)2 domains (15).

A first structure model for the human ERCC1-XPF complex came from studies on 
the homologous XPF from Archaea by Newman et al. which showed that the XPF C-terminal 
(HhH)2 domains can form a stable homodimeric complex (16). Proof for this model came from 
NMR cross-saturation experiments by Choi et al. who showed that in vitro the C-terminal 
part of XPF functions as a scaffold for the folding of the C-terminal part of ERCC1 and that 
the ERCC1 (HhH)2 domain is only stable as 1:1 complex with XPF (17). First experimental data 
for the structure of the complex of the (HhH)2 domains of ERCC1 and XPF came from NMR 
studies by Tripsianes et al. (18) and from crystallographic studies by Tsodikov et al. (19). Both 
studies showed that the ERCC1-XPF (HhH)2 domains dimerize in the same manner as the 
archaeal XPF homodimer in a pseudo-symmetric fashion. It was shown that the stability of 
the interface of ERCC1 and XPF relies heavily on hydrophobic contacts between the helices 
α and γ of ERCC1 and α’ and γ’ of XPF and on the interactions of the C-terminal anchors 
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F293 of ERCC1 and F894 of XPF in cavities formed by the complementary XPF and ERCC1 
monomers, respectively (18,19).

A number of chemotherapeutic cancer treatments, such as with cisplatin, is based 
on damaging DNA (20). In several instances it has been noted that these damages can be 
repaired by ERCC1-XPF dependent DNA repair pathways (1,21). The importance of a stable 
ERCC1-XPF complex for the catalytic activity in DNA repair suggests that interference with 
ERCC1-XPF complex stability could increase the efficiency of chemotherapy by simultaneously 
suppressing DNA repair (22). For this, it would be important to better understand which 
factors contribute to the stability of the ERCC1-XPF complex. Therefore, we analyzed the 
structure and stability of the ERCC1-XPF complex.

Using Surface Plasmon Resonance (SPR), hydrogen deuterium exchange (HDX) and 
other NMR spectroscopy techniques we gathered insight into the considerable dynamics 
of the ERCC1-XPF complex. The ERCC1-XPF heterodimers can rapidly dissociate into 
monomers. However, no XPF homodimers, reported by several groups to be highly stable 
(17,19), are formed and ERCC1 re-associates preferentially with XPF. The slow association 
of XPF homodimers can be explained by structural differences between heterodimeric 
and homodimeric XPF. Here, the preference of forming ERCC1-XPF heterodimers over XPF 
homodimers is discussed after comparing the H/D exchange and structural properties of 
these two protein complexes. Our data suggest that XPF dissociated from ERCC1 has the 
proper conformation to re-associate with ERCC1 but that a structural transition is required 
for homodimerization.

EXPERIMENTAL PROCEDURES
Sample Preparation - The heterodimeric (HhH)2 complex of ERCC1-XPF (residues 

220-301 of ERCC1 and residues 823-905 of XPF) containing a C-terminal Histidine-tag on 
ERCC1 was cloned, expressed in Escherichia coli BL21 (DE3), and purified using metal-affinity 
chromatography followed by gel filtration, as described by Tripsianes et al. (18).

Surface Plasmon Resonance - Real-time association and dissociation of ERCC1-
XPF was monitored using a Biacore® X system in flow cells with laminar flow (Biacore AB), 
essentially as described (23). The ERCC1-XPF (HhH)2 complex was prepared as described 
in Chapter 2, and immobilized on a Ni2+-NTA Sensor Chip (Biacore AB, Sweden) via the 
C-terminal His-tag of ERCC1. The conditions for maximal ERCC1-XPF/Ni-NTA binding were 
optimized by varying protein and NiCl2 concentrations and by adjusting the loading speed 
based on the findings of Nieba et al. (24). The highest concentration of ERCC1-XPF, at which 
dissociation of His-tagged ERCC1 could be avoided, was 0.2 mM. At higher concentrations, 
residual dissociation of His-tagged ERCC1 was observed. Experiments were repeated at 
three different concentrations (0.2, 0.1 and 0.05 mM) in 10 mM Hepes pH 7.5, 50 mM NaCl, 
0.005% Tween20, and each measured at temperatures of 12, 20, 25 and 37 °C using a flow 
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rate of 20 μl/min. The association and dissociation of the ERCC1-XPF complex from the 
chip was monitored over two intervals of 60 and 120 seconds duration, respectively. The 
dissociation rates (k     ) were determined using Prism (GraphPad Software, Inc.) by fitting the 
SPR curves of the dissociation to a single-phase decay model with the equation:

where R is the observed response (in arbitrary response units RU) at time t, R0 is the initial 
response before dissociation, Rp is the final response plateau after dissociation, and k     is 
the dissociation rate constant for dissociation of XPF from His-tagged ERCC1.

NMR spectroscopy – For comparison, 2D [1H,15N]-HSQC spectra were recorded 
on a Bruker Avance 750 MHz NMR spectrometer for the ERCC1-XPF (HhH)2 heterodimer 
and XPF (HhH)2 homodimer at exactly the same pH and temperature. The assignments of 
heterodimeric XPF-ERCC1 and homodimeric (XPF)2 were obtained from literature (18,25).

Hydrogen Deuterium Exchange – HDX was monitored by NMR, recording a series 
of 2D [1H,15N]-HSQC spectra on a Bruker Avance 750 MHz NMR spectrometer. A freshly 
prepared aqueous solution of 400 μM 15N-labeled ERCC1-XPF (HhH)2 heterodimer in 100 mM 
NaCl, 50 mM NaPi pH 6.8 was lyophilized and redissolved in D2O. The acquisition parameters 
for the experiment were optimized with another aqueous ERCC1-XPF sample with the same 
volume and prepared in the same buffer (26). The deadtime due to preparation of the sample 
and temperature stabilization of the sample in the NMR spectrometer was 8 minutes. The 
recorded 2D HSQC spectra were processed using NMRPipe (27) and the HSQC cross-peak 
intensities were obtained using Sparky(28). For each amide signal the exponential decay 
was fitted using the Prism software (GraphPad Software, Inc.) using the equation:

I(t) = (I0 – I∞)  exp (-kex t) + I∞

where I(t) is the signal intensity at time t, kex is the H/D exchange rate constant, I0 is the initial 
amide signal intensity and I∞ the final intensity after full exchange. The intrinsic exchange 
rates (kintr) for unprotected amino acids were derived from (29,30). Protection factors P were 
calculated as the ratio:

P = kintr / kex

Temperature dependence of the 1H chemical shift - To investigate whether the 
amide protons are present in hydrogen bonds or not, 2D [1H,15N]-HSQC spectra were 
recorded at 600 MHz at fifteen different temperatures ranging from 279-333 K using 400 
μM of 15N-labeled ERCC1-XPF (HhH)2 heterodimer. The changes in amide proton chemical 
shifts as a function of temperature were analyzed as described in (31,32) using the software 
Sparky (28). The temperature coefficients, Δδ/ΔT (ppb/K), were determined by fitting the 
change in amide proton chemical shift with temperature using a linear least square fit.

Structural analysis – Structural analyses were based on the NMR structures of 
the ERCC1-XPF heterodimer (1Z00) and the XPF homodimer (2AQ0) (18,25). The dimer 
interfaces were analyzed using the web services COCOMAP and CMA (33). Distances were 

R=(R0 - RP) e (k         t) +RP
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obtained between the protons and nitrogens of all backbone amides of one monomer to 
all atoms in the other monomer, with a distance cutoff of 8 Å. The obtained distances were 
used to calculate the neighbor monomer proximity ∑(1/d)2 (in Å-2) for each amide nitrogen 
and proton, where d is the distance between the amide proton or nitrogen in XPF and the 
atom in the other monomer.

The fold similarity and structure element positions were compared by 
superimposition of the ERCC1-XPF heterodimer and XPF homodimer structures. The 
backbone Ca-atoms of heterodimeric and homodimeric XPF were superimposed either 
for the full-length domain or for the secondary structure elements using the McLachlan 
algorithm as implemented in the program ProFit (Martin, A.C.R., unpublished, http://www.
bioinf.org.uk/software/profit) (15) and RMSD values were calculated for each residue. The 
atom depths of the amide protons of ERCC1-XPF, i.e. the distance between these atoms and 
the bulk solvent surrounding the molecule were calculated for the heterodimer (1Z00)(18), 
and the separate ERCC1 and XPF monomers using the program Depth (34).

RESULTS AND DISCUSSION
Dissociation of the ERCC1-XPF (HhH)2 heterodimer

The dissociation of the heterodimeric ERCC1-XPF complex was monitored directly 
by SPR. The ERCC1-XPF complex was immobilized via the C-terminal Histidine-tag of ERCC1 
on Ni2+-NTA chips and the dissociation of XPF from immobilized ERCC1 was followed. Figure 
1 shows the SPR response upon loading ERCC1-XPF onto the chip, followed by a subsequent 
dissociation event. In principle this dissociation could be either the dissociation of the full 
ERCC1-XPF complex from the chip, or the dissociation of XPF, while ERCC1 remains attached 
to the chip. The dissociation reaches a plateau within 2 minutes at approximately 50% of 
the SPR response upon loading the ERCC1-XPF complex. Only after washing with buffer 
containing EDTA, the SPR response returns to its original level. Since XPF and ERCC1 have a 
similar mass, our observations indicate that under these conditions XPF rapidly dissociates 
from ERCC1 and that there is no significant dissociation of His-tagged ERCC1-XPF from 
the chip. The dissociation of XPF from the ERCC1-XPF complex was studied at different 
heterodimer concentrations and at different temperatures. At 25 °C dissociation of ERCC1-
XPF occurs with a rate koff of 2×10-2 s-1. This rate does not vary considerably with different 
concentrations, probably because the re-association has only a minor contribution under 
these conditions.

Previously it has been found that ERCC1-XPF can form highly stable complexes, that 
allowed protein crystallography and NMR studies (18,19). Thermofluor analysis showed that 
ERCC1 and XPF are in stable complexes at concentrations far below 1 µM. Also, the complex 
can be purified as intact heterodimer by gel filtration chromatography (data not shown), 
even at micromolar concentrations. Based on this, we estimated the dissociation constant Kd 
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for the ERCC1-XPF complex to be below 0.1 µM. Since the SPR experiments show that ERCC1-
XPF can dissociate within 100 seconds (corresponding to a dissociation constant koff ≈ 10-2 s-1), 
it can be reasoned that the association rate (kon) for the formation of the complex of XPF and 
ERCC1 should be above 105 M-1 s-1, which is close to diffusion-limited association (35).

Previously, it was reported that XPF can form stable homodimers (25). In fact, these 
homodimers were found to be much more temperature and denaturant stable than the ERCC1-
XPF heterodimers. This indicates a dissociation rate lower than that of the heterodimers, i.e. 
a koff < 10-2 s-1. Therefore, assuming that the association of XPF homodimers occurs with a 
similar rate as the heterodimer, the dissociation constant for the homodimers would be even 
smaller than that of the heterodimer. Given the high stability of the homodimers combined 
with the fast dissociation of the heterodimers, dissociation of ERCC1-XPF would lead within 
several minutes to the formation of homodimers. However, this is not experimentally 
observed, since it was found that the ERCC1-XPF heterodimers are stable over many weeks 
at room temperature, for instance in the NMR instrument. Supplementary Figure S1 shows 
that the heterodimers are in fact stable up to about 50 °C and only at temperatures above 
that a conversion to homodimers is observed. Under these conditions the concentration 

Figure 1. SPR sensogram for the dissociation of the ERCC1-XPF (HhH)2 heterodimer at different temperatures. 
The ERCC1-XPF (HhH)2 heterodimer complex is immobilized via its ERCC1 his-tag to the Ni2+-NTA surface. The 
dissociation rate koff is calculated from three different concentrations and two replicates for each concentration. 
The SPR response is shown in black and the fit in red.
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of dissociated ERCC1 decreases due to precipitation (visible as white flakes). One has to 
conclude that the association of XPF into homodimers is much slower than its re-association 
with ERCC1 and only when ERCC1 is absent, XPF will associate with itself.

A possible explanation for this counterintuitive effect is that XPF occurs in two 
different conformations: one as observed in the ERCC1-XPF complex, and another one that 
is required for the formation of XPF homodimers. When the conversion between these XPF 
conformations is slow or when the homodimeric XPF conformation is only a small fraction 
of XPF in the monomeric state, the association of XPF homodimers can be less frequent 
than the association of XPF with ERCC1. In this manner, ERCC1-XPF could, despite its rapid 
dissociation, still be more stable than the homodimeric XPF complex. To analyze whether 
XPF has different conformations when present in a heterodimeric complex with ERCC1 or in 
a homodimeric form, we focused on [1H,15N]-HSQC spectra, hydrogen deuterium exchange 
behavior, and previously reported NMR structures.

Comparison of the [1H,15N]-HSQC spectra of XPF in heterodimeric and homodimeric 
form

The NMR chemical shift is a very sensitive probe of the immediate environment 
of an atom. Differences in chemical shift provide useful information about differences in 
molecular structure, for instance due to interaction with other molecules, changes in the local 
environment or altered H-bond geometries. Differences between backbone amide chemical 
shifts of residues of XPF in the heterodimeric and homodimeric state could be the result of 
local changes in environment due to the proximity of ERCC1 (in the heterodimer) or XPF (in the 
homodimer), due to differences in H-bond strengths and/or because of structural differences 
in XPF.

In Figures 2A and 2C, the differences in backbone amide proton and nitrogen 
chemical shift between the (HhH)2 domain of heterodimeric XPF and that of homodimeric 
XPF are shown. Overall for many residues, significant upfield amide proton chemical shift 
differences are observed for homodimeric XPF compared to heterodimeric XPF, especially 
in helices α’, γ’, and d’ and the region from helix e‘ and the C-terminal helix. However, a 
number of residues including residues K832 and Y833 at the N-terminal, Q838 in helix α’, 
L855 and M856 in helix β’, and A863 and A866 in helix γ’ show downfield proton shifts for the 
homodimer with an exceptionally large chemical shift difference for Q838. Strikingly, residues 
Y833, Q838, L855 and M856 all belong to the cavity anchoring F894 in the XPF homodimer 
structure, corresponding to the cavity surrounding F293 in ERCC1-XPF. Similarly, in the 
C-terminal part of XPF, near F894, also chemical shift differences are observed. Apparently, 
there are substantial differences in the chemical environment of F894 when surrounded by 
the cavity residues of ERCC1 or by the cavity residues of XPF.
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Figure 2. Conformational differences between heterodimeric and homodimeric XPF. A, difference in amide 
nitrogen chemical shift (ΔδN(HET-HOMO)). B,  amide nitrogen surface proximity for heterodimeric XPF (black) and 
homodimeric XPF (grey). C, difference in amide proton chemical shift (ΔδHN(HET-HOMO)), D, amide proton surface proximity 
for heterodimeric XPF (black) and homodimeric XPF (grey). E, Residue RMSDs by superimposing the backbone Cα-
atoms of homodimeric XPF (2AQ0) on heterodimeric XPF (1Z00).
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Proton-deuterium exchange and hydrogen bond stability of ERCC1 and XPF in the 
heterodimer

We measured the hydrogen deuterium exchange rates for the amide protons of 
ERCC1 and XPF to study monomer stability within the ERCC1-XPF heterodimer. The exchange 
rates were correlated with their global surface exposure in the complex. Since the HDX could 
occur either within the intact heterodimer or from ERCC1 and XPF monomers after transient 
dissociation of the complex, we studied the surfaces of ERCC1 and XPF as monomers as well 
as heterodimers.

The observed hydrogen deuterium exchange rates of ERCC1-XPF and the derived 
protection factors are listed in the Supplementary Table S1. The protection factors are also 
shown in Figure 4, and in Figure 5 the HDX rates are mapped onto the previously determined 
NMR structure of ERCC1-XPF (18). The backbone amides of many residues in the helices a 
and several in helix b of ERCC1 show immediate exchange, indicating weak or absence of 
hydrogen bonds and direct surface exposure. In XPF, we observe immediate exchange for 
the amides in the short N-terminal helix, the majority of helix β’ and the C-terminal part of 
helix e’. However, several residues display slow HDX, and for these, even no exchange was 
observed during 14 days. For those residues for which the exchange rate could be measured, 
we noted that protection factors for ERCC1 are on average about 5-fold smaller than for XPF 
indicating that ERCC1 is less stable than XPF in the heterodimer (Supplementary Table S2,  
Figure 4).

Analysis of the distances of the amide atoms of an XPF monomer with respect 
to either ERCC1 or XPF shows that most of the observed chemical shift differences can be 
explained by the difference in local environment (Figure 2B, 2D). It should be noted that 
the interaction surfaces of XPF in ERCC1-XPF and (XPF)2 are different. In the homodimer the 
interacting surfaces include the C-terminal and N-terminal parts of XPF, whereas in ERCC1-
XPF these are not involved in intermolecular contacts. However, when we compare the 
chemical shift differences for the nitrogens (Figure 2A) and the protons (Figure 2C) to the 
neighbor proximities (Figure 2B and Figure 2D, respectively), we also observe that for several 
amino acids these are not overlapping with any of the interacting regions. These include 
residues 844, 847, 848 in hairpin h1’, residues 849, 851-856 along helix β’, residues 872-878 
along helix d’, and residues 869-870 located in hairpin h2’ (Figure 3A, 3B). Only for 844, 855 
and 856 other atoms of these residues are still in close proximity, but most of the residues are 
far from the interface. The fact that their amides show substantial chemical shift differences 
indicates either substantial structural differences in these regions and/or differences in 
H-bond strengths between XPF in homodimeric or the heterodimeric complex.
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Figure 3. Structural differences for XPF in homodimeric and heterodimeric forms. A, Superposition of the XPF 
(HhH)2 domains in the homodimer and in the ERCC1-XPF heterodimer. The amide nitrogens with large chemical 
shift differences outside the interaction interface are depicted as red spheres. B, Expansion of (A). C, Orientation 
of the sidechains of F894 in homodimeric and heterodimeric XPF overlaid at the surrounding backbone residues. 
ERCC1 and XPF in heterodimeric ERCC1-XPF are depicted in cyan and green, respectively. The XPF homodimer is 
shown in grey.
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Figure 4. Protection factors for the backbone amide protons of the ERCC1-XPF (HhH)2 heterodimer. The Figure 
shows the logarithm of protection factors (logP) calculated from H/D exchange rates (kex) for amide protons of 
ERCC1 (A) and of XPF as part of the ERCC1-XPF heterodimer (B). Red lines indicate global average protection factors 
for ERCC1 or XPF.
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In addition to HDX, H-bond stability can be analyzed using amide proton temperature 
coefficients (31). Supplementary Table S1 shows these values for the heterodimeric ERCC1-
XPF complex. The temperature coefficients of the amide protons in the loop regions and 
N-terminal of helices of ERCC1-XPF are below -4.5 ppb/K indicating the absence of stable 
H-bonds with carboxyl groups (31). For most of the slowly exchanging backbone amide 
protons the temperature coefficients are above -4.5 ppb/K indicating that these are 
H-bonded. These H-bonds are found within helices γ, d and e of ERCC1, and within helices 
α’, γ’, d’ and e’ of XPF. The combined analysis of the HDX rates and temperature coefficients 
demonstrates that some amide protons in the helices are involved in weak H-bonds, which 
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Figure 5. Hydrogen deuterium exchange and amide surface exposure of monomeric and heterodimeric XPF and 
ERCC1 mapped on the NMR structure. A, Amide proton H/D exchange rates, color-mapped onto the core of ERCC1-
XPF (top), of the F293 anchor region (middle) and of the F894 anchor region (bottom). The grey for backbone and 
sidechains denotes residues for which no H/D exchange information could be obtained. The cavities at the anchor 
regions are shown in a surface representation. The spheres are representing the amide protons of each residue. B, 
Amide proton atom depths for the ERCC1-XPF contact regions assuming heterodimeric (left panel) and monomeric 
XPF and ERCC1 (right panel).
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is seen for instance for residues 223, 236 and 240 in helix α and residue 249 in helix β of 
ERCC1 and helix β’ and the N-terminal and C-terminal helices of XPF.

Fast hydrogen deuterium exchange can correlate with amide surface exposure, 
and therefore we estimated the surface exposure of the amide protons of ERCC1 and XPF 
by calculating their “atom depths”. This atom depth is defined as the distance of the bulk 
solvent to the amide proton and this parameter can be related to HDX rates with some 
precautions (36-38). In particular for residues near the interface of the heterodimer large 
differences in atom depths exist for amides in the heterodimeric and monomeric states. In 
the ERCC1-XPF heterodimer, the amides of the interfacial ERCC1 residues in helices α (231, 
234, 235, 238, 239), β (253), γ (260, 263, 264), e (285, 288, 289) and the anchor residue F293 
are deeply buried, and therefore we expect a very slow H/D exchange for those residues 
when the HDX would occur when ERCC1 is in the heterodimer. This would also apply to the 
amides in XPF helices α’ (837, 838, 840, 841), β’ (855, 856), γ’ (862, 865), e’ (886, 887, 888 
and 890) and the anchor residue F894. When ERCC1 and XPF are in monomeric form, only 
few amide protons are predicted to exchange slowly (Figure 5B).

As the protection factors in Figure 4 indicate, many interfacial residues of ERCC1-
XPF do not fit with HDX when ERCC1 is in a dimeric state. For instance, in Figures 4A and 
5A large parts of helices α and γ show little protection, which agrees best with exchange 
via a monomer (Figure 5B). In contrast, for XPF no evidence is found for exchange via 
monomers. This indicates that ERCC1 and XPF each follow a different mechanism to explain 
the observed H/D exchange results. This finding is only possible when ERCC1 is less stable 
in the monomeric than in the dimeric state. However, when ERCC1 would exist transiently 
as monomers, XPF monomers should exist simultaneously. Such XPF monomers could react 
rapidly into homodimers, which is not observed experimentally, at least not at temperatures 
below 50 °C (even during the lengthy recordings of the 2D [1H,15N]-HSQC spectra during 
HDX, we never observed the appearance of signals characteristic of XPF homodimer). This 
rather suggests that fast dissociation of ERCC1 and XPF is followed by fast re-association 
of the ERCC1 monomers with XPF monomers. In this model the association of XPF to form 
homodimers does not occur, perhaps because the XPF monomers have no conformation that 
is suitable for immediate XPF homodimer formation. To test this hypothesis, we checked if 
XPF has a different structure in the homodimeric and heterodimeric form.

Structure and stability differences of heterodimeric and homodimeric XPF
Das et al. already described substantial differences between the homodimeric 

and heterodimeric conformations of XPF (25), which agrees well with the results from the 
NMR cross-relaxation experiments by Choi et al. (17). This holds not only for the interface 
region but can also be seen in various other regions. For example, the distance between 
helix α’ and helix γ’ is increased to facilitate the accommodation of the bulky side chains 
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of F840, L841 and F889. The reorientation of helix α’ in XPF also accounts for the larger 
interaction interface in the homodimers as compared to the ERCC1-XPF heterodimer (1760 
Å2 vs. 1534 Å2, respectively) (25). The high stability of the XPF homodimer was additionally 
attributed to p–stacking of the two F840 sidechains and the T-shaped arrangement of both 
F889 sidechains at the interface, and several additional intermonomer hydrogen bonds, 
such as the N861 side chain NH2 to the F889 backbone CO, the A863 backbone NH to the 
I890 backbone CO and the K860 sidechain NH to the H891 backbone CO. The backbone-Cα 

RMSD between XPF in the heterodimeric and the homodimeric forms are substantial for 
most residues, even when only the helices are fitted (Figure 2E and Figure 3C), and not only 
towards the C-terminal and N-terminal ends. The overall RMSD of ~3 Å is largely due to both 
tilting and displacement of helix α’ allowing the accommodation of the bulky sidechains of 
F840, L841 and F889. The different XPF folds include also a different shape for the cavities 
embracing the phenylalanine anchors: in the XPF homodimers the cavities are more shallow 
than in the heterodimers with F894 aromatic ring tilting 66˚ towards helix γ and far from 
helix α of its partner XPF monomer (21). This structural variability implies that XPF has to 
adapt its conformation to allow the formation of stable homodimers.

Not only the structure, but also the stability of XPF in the homodimeric and 
heterodimeric forms is different. The observed HDX protection factors of heterodimeric XPF 
are overall over 10-fold higher than reported for homodimeric XPF by Das et al. (25) (cf data 
for ERCC1-XPF in Figure 2A and for (XPF)2 in Supplementary Figure S2). This suggests that the 
packing of XPF in ERCC1-XPF is better than in (XPF)2. This may be a counterintuitive finding 
given the higher temperature stability of the homodimers. One explanation is that upon 
temperature increase the monomer-to-heterodimer equilibrium is shifted to the monomeric 
state. While free ERCC1 unfolds and aggregates to form a visible precipitate, the thermal 
energy allows XPF to adopt a different conformation, which may be less stable than the 
conformation of XPF in the heterodimer, but which is essential to form stable homodimers.

CONCLUDING REMARKS
The heterodimer of the ERCC1-XPF Helix-hairpin-Helix domains forms a complex 

that can rapidly dissociate into its ERCC1 and XPF monomeric counterparts. These 
monomers rapidly re-associate into a heterodimer, so that no ERCC1 or XPF homodimers are 
formed. In this heterodimeric complex, hydrogen deuterium exchange shows that ERCC1 is 
less stable than XPF. Similarly, ERCC1 unfolds at lower temperature than XPF. When ERCC1 
self-aggregates and precipitates at elevated temperature when unfolded, the remaining XPF 
monomers become available for homodimer formation. Although these XPF homodimers 
are extremely stable, their association from XPF monomers that would exist after ERCC1-
XPF dissociation must be slower than the association of XPF with free ERCC1 monomers. 
An explanation for this slow association of XPF monomers can be found in the different fold 
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of homodimeric XPF versus heterodimeric XPF. When the interconversion between these 
different folds is slow or when the homodimeric XPF fold corresponds to a hardly populated 
state, the XPF monomer association can be slow, especially at moderate temperatures. 
However, we postulate that when no ERCC1 is present the homodimer association still 
occurs and highly stable homodimers can be formed. Support for a model that XPF can 
have an alternate fold in a sparsely populated state comes from the hydrogen deuterium 
exchange, which showed a lower intrinsic stability of XPF in the homodimers than of XPF in 
ERCC1-XPF. These results demonstrate the essence of a correct fold of XPF for association 
with ERCC1 leading to a functional ERCC1-XPF complex.

Based on work of de Laat et al. (15), it can be concluded that the C-terminal HhH 
domain of both ERCC1 and XPF is required and sufficient for ERCC1-XPF dimer formation. 
Also, in vivo the ERCC1 and XPF proteins are not found in isolation (13,14,39). In ERCC1-
defective cells only small amounts of XPF are found (40,41). This indicates that the ERCC1-
XPF complex is very stable. Current study shows however, that this heterodimeric complex, 
which is critical for its function, has a relatively short half-life. The dissociation of ERCC1-XPF 
would lead to monomers, and, assuming that this behavior is also present in the full-length 
proteins, this indicates that monomeric species might be formed in vivo. However, since 
these are not found, probably the monomeric proteins are unstable and prone to active 
degradation (13,14,39). We propose that the structural rearrangement somehow forms a 
barrier for XPF homodimer formation and that the formation of the functional ERCC1-XPF 
heterodimeric DNA repair complex is favored. The observed fast association and dissociation 
of ERCC1 and XPF might also enable continuous replenishment to maintain a functional 
ERCC1-XPF complex, presenting the direct possibility for regulation of DNA repair regulation 
via the ERCC1 and XPF cellular levels.
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Supplementary Figure S1. Conversion 
of ERCC1-XPF heterodimer into XPF 
homodimer upon temperature increase. 
A, Overlays of [1H,15N]-HSQC regions for 
L253 (blue) and N848 (green) in ERCC1-
XPF and of N848 in (XPF)2 (grey) for 
temperatures ranging from 279-333 K. B, 
[1H,15N]-HSQC cross-peak intensities as a 
function of temperature for residues L253 
and N848 in heterodimeric ERCC1-XPF and 
for residue N848 in homodimer XPF.

SUPPLEMENTAL INFORMATION

Supplementary Figure S2. Protection Factors of the backbone amide protons of the XPF homodimer. The 
protection factors logP are calculated from the ratio of the intrinsic H/D exchange rate of a free amino acid and the 
observed H/D exchange rate (kex). The red line indicates a global average protection factor for XPF.
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Supplementary Table 1. Amide proton temperature coefficients (ppb/K) and Hydrogen/Deuterium Exchange 
rates of ERCC1-XPF.

 residue# ppb/K kex
 (in s-1) A logP   residue# ppb/K kex

 (in s-1) A logP

222  --- Immediate 0  824 --- Immediate 0

223 -4.961 Immediate 0  825 -6.757 Immediate 0

224 -4.101 Immediate 0  826 -6.692 Immediate 0

228 -2.515 Immediate 0  827 -5.924 Immediate 0

230 --- Immediate 0  829 -6.18 Immediate 0

231 --- Immediate 0  830 -5.593 Immediate 0

232 --- Immediate 0  832 -3.563 Immediate 0

233 --- Immediate 0  833 -6.633 Immediate 0

234 --- Immediate 0  834 -3.081 Immediate 0

235 -2.932 --- ---  836 -5.785 Immediate 0

236 -4.689 Immediate 0  838 1.259 1.02E-03 2.9

237 --- Immediate 0  839 -8.436 1.05E-04 4.37

238 2.733 4.77E-04 3.89  840 -2.251 9.03E-06 4.73

239 -2.684 ---    ---  842 -3.632 1.46E-06 5.14

240 -4.724 8.99E-05 3.86  843 -0.8336 ~2.01E-05 4.54

241 -1.179 2.88E-03 2.77  844 -3.447 4.07E-05 4.59

242 -2.932 2.48E-04 3.19  846 -3.944 Immediate 0

243 -7.802 Immediate 0  847 -2.366 ~0.0000305 0

244 --- --- ---  848 -3.943 Immediate 4.07

245 -5.394 Immediate 0  849 --- Immediate 0

246 --- Immediate 0  850 -3.477 Immediate 0
248 --- Immediate 0  853 -4.98 Immediate 0

249 -6.143 Immediate 0  854 -9.414 Immediate 0

250 -2.102 5.43E-04 3.55  855 -1.21 Immediate 0

251 -0.6294 Immediate 0  856 -2.727 2.07E-05 4.56

252 --- Immediate 0  857 -4.048 Immediate 0

253 -4.08 1.08E-03 2.68  858 -1.951 --- ---

254 -2.497 5.50E-05 3.56  859 -1.692 6.01E-05 ---

255 -4.972 4.58E-04 3.15  860 -2.37 Immediate 4.27

257 -3.689 1.41E-04 3.91  861 -1.294 1.40E-07 7.55

258 --- Immediate 0  862 -3.292 ~0.00000013 6.55

259 -0.5494 5.50E-05 4.89  863 1.065 5.20E-08 7.14

260 -6.632 4.58E-04 3.15  864 -4.135 1.70E-06 5.75
261 -1.822 Immediate 0  865 --- 1.50E-03 2.2
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Supplementary Table 1. (Continued) Amide proton temperature coefficients (ppb/K) and Hydrogen/Deuterium 
Exchange rates of ERCC1-XPF.

 residue# ppb/K kex (in s-1) A logP   residue# ppb/K kex (in s-1) A logP

262 -4.52 4.20E-05 4.39  867 0.5484 Immediate 0

263 -3.992 1.30E-06 5.62  868 -1.406 2.69E-05 4.08

265 0.062 3.41E-05 4.33  869 -8.425 Immediate 0

266 -0.62 ~0.000001 6.09  870 -4.39 Immediate 0

267 -4.964 3.29E-04 3.94  871  --- Immediate 0

271 -4.3 1.28E-05 4.23  872  --- --- 0

272 -3.195 9.90E-05 3.89  873  --- 2.13E-10 9.04

273 -1.16 2.10E-04 3.19  874 -3.508 5.28E-04 3.09

274 -2.466 9.70E-04 3.51  876 -2.563 8.78E-04 2.72

276 --- Immediate 0  877 -3.671 2.36E-10 8.91

277 -2.342 Immediate 0  878 -1.791 Immediate 0

278 -6.494 Immediate 0  881  --- Immediate 0

281 -9.072 Immediate 0  882  --- Immediate 0

282 -0.891 2.19E-04 3.87  883 -2.128 6.97E-05 4.57

283 --- 1.36E-05 5.03  884 -1.55 4.78E-05 4.37

285 -5.577 1.86E-06 5.47  885 -2.555 3.48E-05 4.73

286 -3.989 2.00E-05 4.34  886 --- 9.16E-11 9.75

287 -2.949 3.93E-05 4.66  887 -3.353 2.00E-06 5.31

288 -1.999 1.80E-05 3.95  888 -2.694 9.62E-11 10.26

289 -0.7346 2.00E-05 4.07  889 --- 4.64E-05 4.01

291 -7.421 2.98E-05 5.17  890 -1.831 3.52E-04 2.88

293 --- Immediate 0  891 -1.268 1.50E-06 6.3

294 --- 3.30E-04 3.05  892 -1.87 1.83E-04 4.43

295 --- Immediate 0  893 -5.069 Immediate 0

296 --- Immediate 0  894 -2.565 Immediate 0

297 --- Immediate 0  895 --- Immediate 0

298 -8.371 Immediate 0  897 -5.458 Immediate 0

299 --- Immediate 0  898 --- 1.56E-04 3.06

300 --- Immediate 0  899 -7.714 Immediate 0

301 -4.91 Immediate 0  900 --- Immediate 0

 901 --- Immediate 0

 

902 --- Immediate 0

903 --- Immediate 0

904 --- Immediate 0

905 -6.92 Immediate 0

A Residues for which the signal intensity is already gone before the start of the HSQC recordings are designated as 
“immediate”.
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Chapter 4
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 domain of XPF contributes to substrate specificity of
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ABSTRACT
The ERCC1-XPF complex, part of the nucleotide excision repair pathway, is required 

for incision of DNA upstream of the DNA damage. Structural studies of a homodimeric 
XPF–ssDNA complex allowed us to propose a model where the positioning of ERCC1-XPF 
to the ss/dsDNA junction is dependent on the joint binding to the DNA binding domain 
of ERCC1 and XPF. We now use biochemical and structural methods to experimentally 
validate this model. We show that the homodimeric XPF HhH domain is able to bind to 
Holliday junction substrates and various ssDNA sequences with a preference for guanine 
containing sequences. NMR titration experiments and in vitro DNA-binding assays show 
that, in contrast to the corresponding domain of ERCC1, XPF binds specifically to ssDNA.  
The HhH domain of ERCC1 preferentially binds dsDNA through the hairpin region. The two 
separate non-overlapping DNA binding domains in the ERCC1-XPF heterodimer jointly bind 
to an ss/dsDNA substrate and thereby, at least partially, dictate the incision position during 
damage removal. Based on structural models, NMR titrations, DNA-binding studies, site-
directed mutagenesis, charge distribution and sequence conservation, we propose that the 
HhH domain of ERCC1 binds to dsDNA upstream of the damage and XPF binds to the non-
damaged strand of a repair bubble.
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INTRODUCTION 
In order to survive, cells must repair a plethora of UV light induced DNA lesions. 

Therefore, the cells activate the Nucleotide Excision Repair (NER) pathway, a conserved 
DNA repair mechanism present in all living organism, which can remove a variety of DNA 
lesions (1,2). Within a mammalian cell nearly 25-30 proteins are known to participate in 
two NER pathways: global genome and transcription coupled repair (3-5). Mutations in NER 
genes lead to impaired DNA repair. Presently, a dozen mutations in distinct NER genes have 
been identified in patients with eight overlapping phenotypes (6,7). Most patients carrying 
a mutation in NER genes develop two distinct symptoms, sunlight induced skin cancer and 
segmental progerias without cancer (8,9).

ERCC1 and XPF form a stable heterodimeric complex that is essential for NER, 
that functions as a structure specific DNA endonuclease and is able to nick at the 5’ end of 
damaged DNA (10-12). Mutations in ERCC1 and XPF genes can be linked to sunlight induced 
skin abnormalities, late onset of skin cancers, neurodegeneration and premature aging in 
both human patients and transgenic mice (7-9,13). In the absence of ERCC1 only a marginal 
amount of XPF is present in fibroblasts and CHO cells (10,12,14-17). This suggests that in 
vivo stability of the full length ERCC1-XPF depends on a tight association between the two 
proteins (10,12,14). Consistent with this finding, XPF and ERCC1 knockout mice exhibit 
similar phenotypes (18-20). Furthermore, postnatal phenotypes of XPF and ERCC1 knockout 
mice suggest additional function for ERCC1-XPF in homologous recombination (21), single-
strand annealing (22), inter strand crosslink repair (23,24), telomere maintenance (25,26), 
and gene-targeting events (27). All these genome regulatory processes require binding of 
ERCC1-XPF at distinct DNA sequences, involving various protein complexes (28-30). 

Biochemical and structural studies revealed that the helix-hairpin-helix (HhH) 
domain present in the C-terminal part of both proteins is essential for both ERCC1-XPF 
complex formation (12) and DNA binding (31-33) . Structural studies by us and others 
showed that the HhH domain of the XPF protein serves as a scaffold for ERCC1 folding, 
permitting formation of a stable heterodimer (33,34). Using NMR spectroscopy we found 
that ERCC1 specifically recognizes DNA (33).  Furthermore, the C-terminal ERCC1-XPF 
complex binds more tightly to ss-dsDNA junctions, such as bubble and fork substrates 
than to either dsDNA or ssDNA alone. This led us to suggest that XPF might also contain an 
independent DNA-binding domain. To test this hypothesis we took advantage of an earlier 
observation, that demonstrated that the isolated HhH domain of XPF is able to form a highly 
stable homodimer (35). Although XPF lacks one residue in the second hairpin motif, this 
domain adopts a canonical HhH domain structure (35). Recently, using NMR, we showed 
that the homodimeric XPF HhH domain binds ssDNA. We subsequently determined the 
solution structure of XPF bound to ssDNA (36). We could show that besides non-specific 
phosphate backbone contacts involving the second helix of the first HhH motif, a cavity is 
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formed between the two motifs of the HhH domain where a guanine base is bound. These 
observations led us to propose that the ERCC1-XPF heterodimer recognizes DNA substrates 
involving the two individual DNA binding surfaces present in ERCC1 and XPF that bind 
respectively dsDNA and ssDNA. 

Here we confirm and extend this model using in vitro DNA binding assays and 
NMR titration experiments revealing the substrate preference of XPF and the ERCC1-XPF 
heterodimer for various DNA sequences.  We show that XPF binds preferentially to ssDNA, 
without defined sequence specificity, but with a clear preference for guanine sequences. 
Chemical shift perturbations (CSPs) in NMR titrations, and in vitro DNA binding experiments 
indicate that ssDNA binding to XPF also occurs in the ERCC1-XPF heterodimeric complex. On 
the basis of the XPF-ssDNA structure, the chemical shift perturbations for the ERCC1-XPF 
heterodimer upon addition of various DNA sequences and binding studies using mutated 
ERCC1 and XPF proteins, we propose a model for the binding of the HhH domains of ERCC1-
XPF heterodimers. In this model the concerted binding of the HhH domains of ERCC1 and 
XPF to dsDNA and ssDNA, respectively, is essential for the correct positioning on the ss/
dsDNA junction. 

RESULTS 
De Laat et al (12) have shown that the C-terminal HhH domains of XPF and ERCC1 

are indispensable for heterodimer formation and function. Like the full-length ERCC1-XPF 
heterodimers, these HhH domains can together form stable complexes with various ss/ds 
junction containing DNA substrates, like bubble, hairpin and fork (31-33).  These findings 
suggest that structure-specific DNA binding by the ERCC1-XPF heterodimer is dependent 
on the HhH domain regions of both proteins. The ability of XPF to bind to ssDNA further 
supports this model (36). To elucidate the contribution of the HhH domain of XPF in ERCC1-
XPF substrate preference, we test the binding of homodimeric XPF HhH domain to a variety 
of DNA substrates, as shown in Supplementary Figure S1.

We first tested the binding of XPF HhH domain homodimers to bubble10 (B10), 
because the ERCC1-XPF heterodimer can form a stable complex with this DNA sequence as 
shown previously (33). Surprisingly, we noticed that XPF homodimer binds to this substrate 
with even higher affinity (Figure 1A and B) than the ERCC1-XPF heterodimer (Figure 1A) 
(33). Quantification revealed an apparent Kd of 0.5 ± 0.1 µM (Figure 1B) being more than 
one order of magnitude tighter than reported for the ERCC1-XPF heterodimer (33). It should 
be mentioned however, that the ERCC1-XPF complex dissociates during electrophoresis. 
If binding affinity would be determined based on the disappearance of free DNA, both 
complexes would bind with similar affinities.
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Figure 1. Binding of the HhH domain of XPF to B10 substrate. A, Electrophoretic mobility shift assay showing the 
binding of 0.1, 0.3, 1.0, 3.3, 10 µM of XPF (left panel) or ERCC1-XPF (right panel) to 0.02 µM radio-labeled B10 
substrate. Free protein (F) and protein-DNA complex (C) are indicated. B, Quantification of a few representative 
DNA-binding experiments (each experiment with different symbol type) of XPF and ERCC1-XPF bound to the B10 
substrate; the fraction bound is plotted as a function of the protein concentrations. Data were fitted as described 
before (33) and a simulated binding curve with the dissociation constants obtained were plotted. C, Fraction of 
complex formed on B10 bound by 1.25 µM XPF in the presence of 0.08, 0.12, 0.18, 0.26, 0.40, 0.59, 0.89, 1.33 and 
2.0 µM non-labeled B10 oligonucleotide in comparison with the binding in the absence (0) of competitor. The inset 
shows the autoradiogram of the corresponding competition experiment.

The homodimeric HhH domain of XPF binds synergistically to ssDNA 
The binding preferences of XPF for various probes were evaluated using competition 

experiments, where an excess of the non-radiolabeled B10 oligonucleotide is added to the 
reaction mixture. As shown in Figure 1C, binding of XPF to radiolabeled B10 is effectively 
competed by a non-labeled oligonucleotide, showing the expected exponential decay curve. 
The affinity of XPF for various DNA substrates can be determined by comparing the ability of 
various probes to compete for the binding of XPF to the B10 substrate. 

Using these competition assays, we find that XPF is unable to bind to dsDNA or 
short ssDNA probes, while probes containing single-double strand junctions or longer 
ssDNA fragments (39nt) are found to be good substrates for the XPF homodimer (Figure 2). 
Interestingly, for the bubble and hairpin substrates the length of the ssDNA stretch influences 
the DNA-binding affinity. Figure 2 describes that both hairpin 20 (H20) and B10 are better 
substrates than probes containing either longer or shorter ssDNA stretches (Figure 2). Also 
a splayed arm with two ssDNA sequences is a better XPF substrate than any DNA sequence 
containing one ssDNA strand (data not shown). Taken together, these data show that the 
XPF HhH homodimer binds to ssDNA. We argue that stable complex formation involves 
both DNA binding surfaces of the symmetric XPF dimer that can bind simultaneously to 
either one long ssDNA fragment or to a conformationally restricted DNA containing two 
ssDNA stretches. In contrast, weaker binding is observed for short ssDNA sequences, hairpin 
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or bubble substrates. These short sequences may occupy only one binding site of the XPF 
homodimer. This all supports that the synergistic binding of a ssDNA fragment to the two 
DNA binding surfaces is required for high-affinity DNA binding by XPF homodimers.

Figure 2. Binding of the HhH domain of XPF to single/double-strand DNA junctions. Representative binding 
experiment (upper panel) and quantification of the competition experiments (lower panel). Approximately 1µM 
XPF in the absence (-) or presence of 0.2 or 2 µM of the indicated non-labeled probes is bound to 0.02 µM B10 
substrate. The relative competition efficiency is determined by quantification of the fraction bound in the presence 
of competitor. The ability to compete for B10 binding is compared with the competition obtained with non-labeled 
B10 substrate as shown in Figure 1C. Using non-linear regression methods this curve is fitted and the competition 
obtained in the presence of the amount of heterologous probe is compared with the amount of B10 probe required 
to obtain the same inhibition of binding. E.g. a 10 fold relative competition efficiency means that 10 times more 
probe is required to obtain the same inhibition of binding by a given concentration of B10 competitor. If no 
competition is obtained at the highest amount of competitor relative competition efficiency is shown to be higher 
than 500 fold. Average and standard deviation of 4 independent experiments is presented. 

Given the role XPF homologs fulfill in homologues recombination (37), we tested 
whether the XPF homodimers can bind to a Holliday junction substrate (Supplementary 
Figure S2). These competition experiments show an 8-fold stronger binding than to B10 
DNA. However, since this substrate is produced by annealing 4 individual oligonucleotides, 
the presence of ssDNA can in principle not be excluded. In addition, binding of XPF to this 
substrate may induce branch migration, and newly formed ssDNA sequences may serve 
as a substrate for XPF. To overcome the limitations of these competition experiments we 
also performed a binding experiment with radio-labeled, gel-purified, Holliday-junction 
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substrate. As shown in Supplementary Figure S2, the affinity for this probe is similar as 
for long ssDNA or the B10 substrate. Since no faster migrating complexes were formed we 
can exclude the occurrence of XPF-dependent strand separation. Taken together, these 
experiments show that the HhH domain of XPF binds an intact Holliday Junction but it is 
unable to perform branch migration and/or resolving activity. 

Preference of the homodimeric HhH domain of XPF for G-rich ssDNA 
To determine whether XPF possesses sequence preference in ssDNA-binding 

experiments, competition experiments were performed using four different 39 nt 
sequences. Although all fragments were able to compete for binding to a similar extent, 
small differences were found (Figure 3A). Since this indicated possible substrate preference, 
we next performed competition of XPF binding to B10 probe with poly-dG, -dT, -dC 
sequences of various lengths. Competition with poly dA was not possible as this probe 
forms a heteroduplex with the poly-dT stretch of the B10 probe used as radio-labeled probe. 
Irrespective of the probe length, poly-dG fragments bind stronger to XPF homodimers than 
poly-dT or poly-dC (Figure 3B). Quantification reveals a 4-fold higher affinity for dG20 than for 
dT20 or dC20 (data not shown). To confirm the binding preference of the homodimeric HhH 
domain of XPF, we tested the competition of 20 nt homopolymeric ssDNA substrates with a 
39 nt ssDNA probe for binding to XPF. XPF shows strongest binding for poly-dG substrates, 
competing as effective as the unlabeled 39 nt ssDNA substrate (Figure 3C), while poly-dT 
and poly-dC compete 10-fold less effective. It is remarkable that, the purine poly-dG binds 
well to XPF, whereas the poly-dA binds at least two orders of magnitude less efficient. Using 
SPR we find similar binding preferences for the ERCC1-XPF heterodimeric complex (Figure 
3E). Addition of DNA prevented the binding of the His-tagged ERCC1-XPF to Ni2+-loaded 
NTA surface of the SPR chip. By fitting response values, corresponding to bound ERCC1-XPF, 
against the concentration of homopolymeric 10 nucleotide DNA sequences (Supplementary 
Figure S8A), we demined that poly-dG10 fragment binds to the heterodimer with a Kd of 2.5 ± 
0.4  mM and poly-dC10 a Kd of 63 ± 14  mM. The binding affinity of poly-dC10 and poly-dA10 for 
the ERCC1-XPF heterodimer were about 2- and 4- fold lower than that of poly-dC10.

Binding of the HhH domain of XPF to telomere sequences 
Because XPF prefers binding to a poly-G sequence, we hypothesized that XPF might 

bind specifically to the telomeric hexanucleotide repeat sequence, TTAGGG. Competition 
experiments were performed using a single telomere sequence TTAGGG, the C-rich 
complementary strand CCCTAA, a split telomere probe GGGTTA, an inverted telomere probe 
GGGATT and a randomized sequence GAGCTA. Even in the presence of 25 µM ssDNA only 
marginal competition was observed for any of the 5 sequences (Supplementary Figure S3). 
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Figure 3. The HhH domain of XPF binds preferentially to guanine-rich substrate. A, Binding of 1.25 µM XPF in the 
presence of 0.2 or 2.0 µM of four distinct 39nt ssDNA probes. B, Competition of XPF binding to B10 substrate in 
the presence of 10 µM of oligo dT, dG and dC of 6, 10 or 20 nucleotides. C, Competition of XPF binding to ss39 in 
the absence (-) or presence of 0.02, 0.2, 2 and 20 µM poly dA, dT, dG and dC. D, Quantification of a representative 
competition experiment as described in C. E, SPR experiment showing the apparent binding affinities (KD

app) of the 
ERCC1-XPF HhH domain for poly dA, dT, dG and dC of 10 nucleotides. The response values after association after  
60 s of loading (R60) were divided by the R60 value of the ERCC1-XPF HhH domain in absence of DNA (F), plotted 
against the total concentration of the DNA and fitted considering a  1:1 binding model. Experimental sensorgrams 
are shown in Supplementary Figure S8A. 
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However, the DNA binding affinity of XPF to two copies of the telomere sequences was 
somewhat higher than to the random nucleotide sequence. We subsequently introduced 
either a poly-T stretch (12 nt) or two copies of the G-rich telomere sequence into either the 
bubble or the splayed arm DNA probes (Supplementary Figure S1). Competition experiments 
revealed that the corresponding dT12 substrates were equally effective as the probes 
containing double telomere sequences (Supplementary Figure S3). These results further 
confirm that the bubble DNA is a better substrate for homodimeric XPF than the splayed-
arm DNA. Together, these binding studies indicate that XPF does not bind specifically to 
telomere sequences.

XPF binds ssDNA in the heterodimeric XPF-ERCC1 complex.
The previous finding that the ERCC1-XPF heterodimer has preference for a ssDNA/

dsDNA junction containing substrate (33), combined with the finding that  homodimeric 
XPF binds preferentially to single strand DNA, strongly suggests that  in the ERCC1-XPF 
heterodimeric complex XPF can also bind ssDNA.
We first established whether heterodimeric ERCC1-XPF could bind to the 10 nt ssDNA 
sequence used for the determination of the XPF-ssDNA structure. Whereas in EMSA 
experiments we cannot establish low-affinity binding, NMR titration experiments allowed 
us to demonstrate binding of the ERCC1-XPF complex to the 10 nt ssDNA fragment (Figure 
4, Supplementary Figure S6), significant chemical shift changes for 10 nt ssDNA sequences 
were only obtained under low salt conditions (<50 mM), in agreement with in vitro DNA-
binding studies (data not shown). 
 By analyzing the amide chemical shift changes for the free and ssDNA-bound XPF 
homodimer and ERCC1-XPF complex, we found a similar surface of XPF to be affected by the 
addition of the 10 nt ssDNA sequence, involving helix β and the following loop. The same 
region was also affected in the XPF HhH homodimeric protein upon addition of this DNA 
fragment (Supplementary Figure S4). Importantly, the previously determined DNA-binding 
surface of ERCC1 (Supplementary Figure S4), was not affected by the addition of ssDNA, 
since only a few isolated ERCC1 residues were influenced by the addition of ssDNA (Figure 
4, Supplementary Figure S6). In addition to amide proton chemical shift changes in the 15N-
1H HSQC spectra of ERCC1-XPF, also the 31P-NMR spectrum of the ssDNA reveals significant 
chemical-shift changes upon addition of ERCC1-XPF, demonstrating complex formation 
(Supplementary Figure S5). The importance of the determined ssDNA binding surface of XPF 
for DNA binding by the ERCC1-XPF complex was underscored by the 3-  and 2-fold decrease in 
binding affinity upon mutation of H857 and K860 to alanine (see below). These experiments 
clearly demonstrate the ability of XPF to also bind ssDNA in the heterodimeric ERCC1-XPF 
complex and show the importance of this binding surface for substrate recognition.
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The HhH domain of ERCC1 specifically recognizes dsDNA 
The above results (Figure 1-4) suggest that ERCC1 and XPF have complementary 

roles in dsDNA and ssDNA recognition that could dictate the high selectivity of ERCC1-XPF in 
binding ss/dsDNA junction substrates. To test this hypothesis, we performed NMR titration 
experiments with dsDNA (10 or 20 bp) and with a 20 or 30 bp splayed-arm probe containing 
the 10 nt ssDNA sequence that was used to determine the XPF-ssDNA structure. The 
binding surfaces for these probes were determined by following the chemical shift changes 
upon addition of DNA under various salt conditions (Supplementary Table 1). The results of 
these experiments are summarized in Figure 4, showing a representative set of 15N-1H HSQC 
spectra for a few of the most affected residues (Figure 4A). By calculating the average of 
three to five independent titration experiments (Supplementary Figure S6, Supplementary 
Table 1), the most affected residues were identified and plotted on the surface of the ERCC1-
XPF structure (Figure 4B). 

Importantly, upon addition of dsDNA, chemical shift changes were observed on the 
ERCC1 surface, while the XPF surface remained mostly unaffected. Mainly residues located 
in the second hairpin of ERCC1 show pronounced shifts, while a few residues from the first 
hairpin and surrounding helices are somewhat affected (Figure 4, Supplementary Figure 
S6). The established dsDNA-binding surface of ERCC1 is similar to that found before using 
hairpin DNA (Supplementary Figure S4, (33)). NMR studies using the splayed arm showed 
that in addition to the dsDNA-binding surface of the ERCC1 protein also residues in XPF 
are affected by the addition of this ssDNA-containing sequence. Most pronounced shifts 
in ERCC1 were found in the second hairpin regions including G276 and G278 while the 
first hairpin region encompassing K243-T248 was affected to a lesser extent. For XPF the 
regions 832-833 and 852-859 were mostly affected by the addition of splayed arm DNA. 
These experiments clearly establish that the hairpin regions of ERCC1 are involved in dsDNA 
binding, while the previously determined ssDNA binding surface of XPF is also involved in 
ssDNA binding in the heterodimeric complex.

Figure 4. Separate DNA-binding surfaces in ERCC1 and XPF for dsDNA and ssDNA, respectively. 
A, Representative 15N-1H HSQC spectrum of affected residues of the ERCC1-XPF complex showing 
distinct chemical shift changes upon addition of various DNA sequences (Supplementary Table 1). 
Free ERCC1-XPF spectrum in black, spectrum in the presence of a four-fold excess of DNA in red. For 
this experiment to 80 µM ERCC1-XPF 320 µM of the indicated DNA fragments was added in a buffer 
containing 5 mM phosphate buffer and 100 mM NaCl.  B, The determined average CSP plus standard 
deviation of three to five independent titration experiments (Supplementary Figure S6) is plotted 
on the surface of the ERCC1-XPF structure in two different views rotated by 200°. All residues (~25) 
that were significantly affected (composite average chemical shift >0.2ppm) were colored. The most 
affected residues are in red (>0.8ppm), the other residues are colored relatively to this maximum 
chemical shift in red shades. Missing or unambiguous residues are depicted in gray. The position of 
the most affected residues is labeled on the surface.
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To independently show that ERCC1 can bind dsDNA, we took advantage of a recent 
observation, revealing that the ERCC1-XPF complex dissociates during SPR experiments leaving 
ERCC1 bound to the chip (manuscript in preparation). Subsequent addition of 30 nt ssDNA (6.25 
µM) did not lead to an appreciable change in mass, while addition of the same concentration 
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XPF binds the non-damaged strand in the ERCC1-XPF complex
Whereas the presence of two independent DNA-binding surfaces, which are 

probably occupied concurrently permits positioning of the ERCC1-XPF heterodimer on ss/
dsDNA junctions, it does not provide an explanation for the polarity of the cleavage. The 
binding preference of XPF could define this polarity by preferentially recognizing either the 
non-damaged (5´overhang) or the damaged (3´overhang) single strand.

Based on the orientation of the ssDNA sequence in the solution structure of XPF 
bound to ssDNA (36) and the observation that ERCC1 binds dsDNA, we can predict how the 
two DNA sequences can be linked. If we assume that ERCC1 binds dsDNA in similar manner 
as the structural homologs RuvA to a Holliday junction (38) and archaeal XPF to a FLAP 
substrate (39), it is possible to predict how the dsDNA and ssDNA fragments are connected 
and provide a model whether XPF binds to the damaged or the non-damaged DNA strand.

In vitro DNA-binding studies using splayed-arm substrates with either one or 
two 10 nt ssDNA fragments revealed that a substrate containing two arms was a better 
substrate than a probe containing one ssDNA sequence (data not shown). We did not 
observe significant differences in the affinity of the ERCC1-XPF complex for splayed-arm 
substrates with either 3´or 5´ssDNA sequence. We next performed NMR titrations using 
a 10 or 20 bp stem substrate with the ssDNA sequence connected to either the 3´or 5´of 
the stem. Both probes, irrespective of salt concentration or stem length, caused chemical 
shift perturbations in both ERCC1 and XPF upon binding of DNA, involving the two above-
mentioned ssDNA- and dsDNA-binding surfaces (Figure 4). Although the overall CSPs were 
similar, the residues that were significantly affected are not identical arguing that the two 
probes bind in a different way. In comparison with the splayed-arm sequence, the DNA 
fragment containing the 5´ssDNA sequence binds to the ssDNA- and the dsDNA-binding 
surfaces highly similarly, also residues outside these main binding surfaces show similar 
CSPs (Figure 4). This suggests that most CSPs for the splayed-arm substrate come from the 
binding to the 5´ssDNA extension. 

of 30 nt dsDNA led to a significant increase in signal (Supplementary Figure S7). The on-rate 
and the off-rate for ds30 binding to immobilized ERCC1 were determined to be 6 ± 3*103 
M-1s-1 and the off-rate as 5.5 ± 0.1* 10-2 s-1 respectively, giving a Kd of 9 ± 3 mM binding affinity. 
This relatively low binding affinity agrees well with the observed binding affinities of the 
ERCC1-XPF heterodimer for dsDNA in EMSA (data not shown, (33)), NMR (Figure 4) and 
SPR experiments (Supplementary Figure S8). While ERCC1 only binds dsDNA, both, ssDNA 
(ss30) and dsDNA (ds30), can bind to ERCC1-XPF with a KD of 1 and 2 mM, respectively, 
as determined by SPR competition experiments (Supplementary Figure S8). These results 
indicate that the two independent DNA-binding surfaces present in ERCC1 and XPF together 
contribute to both substrate specificity and overall binding affinity of the complex. 
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Mutant XPF and ERCC1 proteins bind DNA with lower affinity
The full-length ERCC1-XPF complex processes ss/ds DNA junctions with high 

selectivity (31,34,40). Above, we described two DNA-binding surfaces for XPF and ERCC1 
proteins and explained the distinct roles of the XPF and ERCC1 helix-hairpin-helix domains 
in the ss/ds-DNA junction recognition. To validate this model, we mutated residues that 
would be in contact with DNA, and that would therefore affect the ability to bind the ss/ds-
DNA substrate. For the XPF mutants K860A and H857A, residues that are in direct contact 
with ssDNA (36), the binding affinity to bubble substrate (B10) was significantly reduced 
as compared to wild type ERCC1-XPF (Figure 5). However, mutation of the hydrophobic 
residue I876A did not affect binding significantly. Mutations outside the ssDNA-binding 
surface (N834A, K860A and D871A) cause only a small decrease in affinity, whereas a two-
fold decrease in binding affinity was noted for the double mutant Q838A and D839A. 

Mutation of the positively charged ERCC1 residues (K247E, R283E, R284E) 

Figure 5. HhH domain surface residues affect binding of ERCC1-XPF to ss/dsDNA junctions. A, SDS-PAGE showing 
the ERCC1-XPF mutants used for binding experiments. B, Binding of the indicated amounts of ERCC1 and XPF 
mutant proteins (µM) to B10 DNA. C, Quantification of at least three independent experiments, calculated as 
average binding (+/- standard deviation) relative to the binding found for wild type ERCC1-XPF. D, Binding curves 
for a few mutants showing the simulated binding curve based on the calculated binding affinity based on three 
independent experiments (shown by the indicated symbols).
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surrounding the hairpin residues that show the largest CSPs, led to highly reduced binding 
affinities (Figure 5). Mutation of the ERCC1 residues E261 and Q262, both located outside 
the dsDNA-binding surface, led to a much smaller two-fold decrease in binding affinity. 
Together, these experiments indicate the presence of two independent, functionally distinct 
DNA-binding surfaces present in ERCC1 and XPF, that both contribute to specificity and 
binding affinity. Mutation of residues that in our model are in contact with DNA, significantly 
affected the ability of ERCC1-XPF complex to bind ss/dsDNA substrates, underscoring the 
importance of these residues in substrate recognition.

DISCUSSION 
The full-length ERCC1-XPF heterodimer is essential for DNA damage removal 5’ to 

a lesion (12,14). Biochemical and structural studies provided a molecular explanation for 
this observation as the C-terminal double helix-hairpin-helix region of these two proteins 
form an obligate heterodimeric complex (33,34). Our functional studies subsequently 
revealed that ERCC1 is responsible for dsDNA binding. Recently, we demonstrated that the 
homodimeric XPF binds ssDNA (36), suggesting a role for XPF in substrate recognition by 
the heterodimeric ERCC1-XPF. Here, we analyzed the XPF DNA-binding preferences and 
show that it binds ssDNA in a non-sequence specific fashion but with a preference for 
substrates containing two ssDNA extensions (Figure 1). The homodimeric XPF can bind to 
Holliday junction substrate (Supplementary Figure S2) and has a preference for guanine-
rich sequences (Figure 3), but does not have binding preference for telomere sequences 
(Supplementary Figure S3). NMR titrations revealed that XPF irrespective whether present 
as homo- or heterodimeric complex binds ssDNA sequence using the same surface (Figure 
4). Importantly, ssDNA probes do not bind to the previously determined dsDNA-binding 
surface. By using various splayed-arm probes we show that the two nucleic-acid binding 
surfaces of ERCC1 and XPF within the heterodimeric protein can both be bound concurrently, 
using approximately the same interaction surfaces as for their preferred substrates (Figure 
4). Kinetic experiments support the view that both binding surfaces are required for both 
specificity and binding affinity.

ssDNA binding by the  HhH domain of  XPF homodimers
In vitro DNA-binding experiments demonstrated a clear preference of XPF for ssDNA 

substrates (33). The binding profile as found in NMR titration experiments for a XPF homodimer 
with a 10 nt ssDNA fragment support this notion (36). The presence of two separate DNA 
binding domains in XPF facilitate high-affinity DNA binding to either long ssDNA substrates 
or probes containing two conformationally restricted ssDNA fragments. These data suggest 
that the two XPF-binding surfaces contact each one ssDNA molecule concurrently. Although 
all ssDNA sequences tested were suitable substrates for XPF, guanine stretches were more 
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effective in XPF recognition than thymidine or cytosine, while adenosine was a poor substrate 
for XPF (Figure 3). Thus DNA binding affinity and thereby the ability to repair damaged DNA 
is not entirely sequence-independent. Despite the absence of evidence in vivo, few in vitro 
studies suggest as well that cleavage is not completely sequence independent: cleavage of 
an identical sequence where an acetylaminofluorene adduct positioned at three distinct 
guanines led to significant variation in incision efficiency (41). Similar differences were found 
for benzo[a]pyrenyl-guanine lesion placed at various positions (42,43). In addition de Laat et 
al (31) presented previously evidence for sequence specificity by showing that splayed-arm 
substrates with distinct sequence composition around the junction were cleaved at distinct 
positions in the stem sequence arguing that the incision position is somewhat dictated by the 
DNA sequence. A recent study by Bowles et al (44) provides further support for differences 
in cleavage rate depending on the stem-loop sequence, although these studies show that 
the DEAH helicase-like domain is critically required for these effects. This all argues that the 
incision position is weakly dictated by the DNA sequence, we propose that this is related to 
the observed preference of XPF for G-rich sequences. 

ss/dsDNA junction recognition by the HhH  domains of ERCC1-XPF 
Tsodikov et al (34) suggested that both HhH domains of ERCC1 and XPF contain 

ssDNA binding surfaces and that each specifically binds to one of the two arms of the DNA 
substrate. Our NMR titration studies using hairpin 22 (33), ssDNA (36), dsDNA and splayed-
arm substrates (Figure 4 and Supplementary Figure S6) argue against such a  model. We 
show that ssDNA is preferentially bound by XPF and not by ERCC1, while dsDNA substrates 
are specifically recognized by ERCC1 (Figure 4). ss/dsDNA containing probes make contact to 
both the XPF ssDNA-binding surface and the ERCC1-dsDNA-binding surface (Figure 4). The 
importance of these binding domains for recognition of ss/dsDNA sequences was confirmed 
by mutagenesis (Figure 5).

The crystal structures of the A.pernix XPF bound to DNA provide detailed insight 
into incision by XPF in the archaea bacteria (39). Extrapolation of this structural information 
to eukaryotic repair factors is complicated however, considering the distinct subunit 
composition and the different substrate specificities of both complexes. In vitro cleavage 
assays reveal that archaeal XPF has preference for flap substrates, while ERCC1-XPF most 
effectively processes splayed-arm substrates (31,39). How this heterodimeric protein 
complex recognizes ss/dsDNA junctions is an unanswered question. Our previous DNA-
binding studies revealed that the HhH domains of ERCC1-XPF show a similar substrate 
specificity as the native complex, showing that the HhH domain region is required and 
sufficient for substrate recognition (33). Using site directed mutagenesis (Figure 5), SPR 
(Supplementary Figure S7) and NMR spectroscopy (Figure 4) we demonstrate that a dsDNA-
binding site is located near the tip of the two hairpin structures in ERCC1. This conserved 
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DNA-binding surface is similar to that in other HhH domain proteins (45,46) including 
that in archaeal XPF (39). For the archaeal XPF homodimer it was proposed that the HhH 
domains of the two monomers bind the two dsDNA sequences of a flap substrate (39). 
The structural homology suggests functional similarity supporting the notion that ERCC1 
recognizes dsDNA. Using the proposed model based on the A. pernix XPF (39), and knowing 
the polarity of the ERCC1-XPF heterodimer with respect to the damage, it can be expected 
that ERCC1 binds to the upstream dsDNA sequence placing the catalytic domain of XPF in 
close proximity to cleave the damaged DNA strand (39,47). This model does not provide an 
explanation for the substrate preference; however, the ssDNA-binding surface of XPF can 
contribute to this specificity. 

We propose that ERCC1 binds dsDNA and XPF ssDNA, thereby positioning the 
ERCC1-XPF complex at the ss/dsDNA junction. This does not exclude that also other regions 
of ERCC1-XPF or other repair proteins can further substantiate substrate specificity. Indeed 
we and others noted that also the central domain of ERCC1 contains an ssDNA binding surface 
(47,48). In addition, XPA and RPA, that bind to ssDNA, and also interact with respectively 
ERCC1 (48) and XPF (49), can contribute to ERCC1-XPF positioning on the damaged DNA. The 
presence of multiple weak DNA-binding surfaces within this DNA repair-complex together 
facilitates the correct positioning of the nuclease domain with respect to the damage and 
prevents inappropriate DNA-binding and incision. Additional support for this model comes 
from a recent study by Su et al (50) which shows that mutations of the individual DNA 
binding domains in full length ERCC1 and XPF lead both in vitro and in vivo to a decrease in 
cleavage efficiency.

XPF HhH domain binds to the non-damaged strand
To determine which strand is bound by XPF, we modeled the ssDNA sequence into 

the ERCC1-XPF heterodimer structure based on the previously determined solution structure 
of homodimeric XPF bound to ssDNA (36). The dsDNA is positioned based on homology with 
the archaeal XPF-DNA structure (39,47). Assuming that the proposed models for dsDNA 
and ssDNA binding to ERCC1-XPF are correct, the gap between the dsDNA and the ssDNA 
can be filled by connecting the dsDNA fragment to either the 5’ or 3’ end of the ssDNA. As 
a result XPF can bind the damaged or the non-damaged strand, respectively. If we assume 
that XPF binds the non-damaged strand, the most conserved residues are located near the 
3’ end of the ssDNA including the second distorted hairpin and several residues in between 
the ssDNA and dsDNA binding region (T240, N246). Chemical shift changes for several of 
these surrounding residues were observed upon addition of a splayed arm substrate (e.g. 
K243, M856). Also the significant decrease in DNA binding by the Q838A/D839A ERCC1-XPF 
mutant and the overall positive charge of this surface argue that the 3´end of the ssDNA 
(the non-damaged strand) is connecting to dsDNA (Figure 6 upper panel). On the other hand 
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if the dsDNA would connect to the 5´end of the ssDNA, the distance to dsDNA would be 
substantially larger. Furthermore this region is poorly conserved, only small chemical shift 
perturbations are found upon addition of splayed arm substrate in the region between the 
two DNA binding domains and only limited effects on binding affinity by mutagenesis in this 
region was found. Combined with the overall negative charge for this side of the ERCC1-XPF 
molecule (Figure 6 lower panel) this would make the connection between the dsDNA and 
the 5’ end of the ssDNA (being the damaged strand in our model) via this side unlikely. 

By combining the subtle CSP differences for the two splayed-arm substrate with 
the substrates containing one ssDNA strand (Figure 4, Supplementary Figure S6), the effect 
of mutagenesis on the ability of ERCC1-XPF to bind DNA (Figure 5), and the charge and the 
sequence conservation (Figure 6), we propose that XPF recognizes the non-damaged strand. 
This agrees well with the previously reported binding and incision preference for full length 
ERCC1-XPF in the presence of RPA (51).

Figure 6. Model for binding of ERCC1-XPF HhH domains to an ss/dsDNA junction. The left panel shows a model 
for ssDNA and dsDNA binding to respectively XPF (blue) and ERCC1 (red) based on structural models for archaeal 
XPF bound to dsDNA (2BGW) (39) and human XPF bound to ssDNA (2KN7) (36). The other panels show surface 
representations plotting sequence conservation, binding interface, effect of mutations on binding and charge 
distribution. Conservation: colored according to sequence conservation calculated using the Consurf server 
(60), based on the complete multiple sequence alignment for the eukaryotic repair proteins, plotted according 
to the default coloring: most conserved red, least conserved cyan. Fork 10: colored according to chemical shift 
perturbation by a Fork substrate (as shown in Figure 4). Mutation: colored according to the contribution of a 
residue to the ability of the ERCC1-XPF heterodimeric HhH domain to bind to B10 DNA when mutated. Most 
affected red, least affected light red. Residues that could be mutated without significant effect on binding are 
depicted in blue. Charge: colored according to electrostatic surface potential calculated using the APBS software 
(61) (blue positive, red negative).
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Role of XPF in sequence-dependent incision 
Following damage recognition by XPC, acting as a damage sensor by recognizing 

helical distortions on the non-damaged strand (52), the ATP-dependent DNA unwinding by 
TFIIH (53), creates a DNA topology suitable for binding of RPA and XPA to the non-damaged 
and damaged DNA respectively (54). Binding of these proteins further opens the damaged 
DNA and serves through multiple interactions as a platform for XPG and ERCC1-XPF that 
subsequently perform the 3’ and 5’ incisions, respectively (55,56). This well orchestrated 
cleavage process results both in vitro and in vivo in the removal of 24 to 32 nucleotides. 
The substantial variation in both cleavage position with respect to the damage and the 
length of the removed sequence suggests some heterogeneity in the cleavage mechanism 
(5,57). In analogy to the archaeal XPF-DNA complex, we propose a model for the positioning 
of the ERCC1-XPF protein at the ss/dsDNA junction. The previously determined solution 
structure of the XPF-ssDNA complex explains preference for ssDNA over dsDNA, which is 
clearly distinct from the dsDNA preference of ERCC1. The noted preference of XPF for G-rich 
sequences (Figure 3), which is consistent with the structure of the XPF ssDNA complex (36) 
may dictate the binding of the ERCC1-XPF complex. The presence of one or a few specific 
nucleotides within the accessible ssDNA sequence (of the non-damaged strand) can in turn, 
through the positioning of ERCC1-XPF on the DNA, determine where cleavage will occur 
(31). We propose that both the DNA sequence-dependent differences in cleavage efficiency 
and the heterogeneity in the cleavage position by the ERCC1-XPF complex are the result of 
the deoxyguanosine preference of the ssDNA-binding domain of XPF.

Material and Methods
Protein expression and purification

The HhH domain of the ERCC1-XPF heterodimer was expressed and purified as 
described before (33). The homodimeric XPF HhH domain expression and purification have 
been described before (35). The ERCC1-XPF mutants were prepared using the QuikChange 
protocol (Stratagene) and expressed as the wild-type ERCC1-XPF complex (33).

Electrophoretic Mobility Shift Assay
EMSA experiments were performed as described before (33,58) using the radio 

labeled bubble 10 probe or Holliday junction as substrate in a buffer containing 10 mM Tris 
pH 7.5, 100 mM NaCl, 10 % glycerol, 1 mM DTT and BSA (final concentration 20 µg/ml). All 
oligonucleotides were purchased from Operon or Eurogentec and annealed by incubating 
the 2 (or 4) mixed strands (final concentration: 50 μM) for 5 minutes at 95 oC followed 
by a cooling step for one hour in a solution containing 10 mM Tris pH 8.0 and 100 mM 
NaCl. For the competition experiments the indicated amount of competitor (Supplementary 
Figure S1) and the radio labeled probe were mixed in a tube and subsequently the protein 
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containing solution (~1 μM) was added to this mixture. After incubation for 30 minutes on 
ice, samples were loaded on a 0.5x TBE buffered 5% acrylamide gel and electrophoresis was 
carried out for 2.5 hours at 160 V at room temperature. Analysis and quantification was 
performed as described before (58).

Surface plasmon resonance measurements 
SPR experiments were performed in 10 mM Hepes, pH 7.5, 50mM NaCl and 

0.005% (w/v) Tween20 (SPR buffer) at 10 μl/min at 12°C using a Biacore® X system (Biacore 
AB) (59). ERCC1-XPF HhH domain was dialyzed to the SPR buffer using Zeba Desalt Spin 
Columns (Thermo Scientific). Low-binding tubes and tips were used to prevent the loss of 
the sample during the incubations and dilutions. Before each experiment, 5 μl of 0.3 M Ni2+ 
was loaded on flow cell 2 of the NTA sensor chip (Biacore AB) while the flow cell 1 was used 
as a reference surface. 50 nM of ERCC1-XPF HhH domain was incubated in the SPR buffer 
on ice for 20 min, in the absence or presence of different oligonucleotides (concentration 
ranging from 0.01 to 100 mM). Then, it was injected over the NTA sensor chip, followed by 
the association for 60 s and the dissociation for 120 s. The flow cell 1 (without Ni2+) baseline 
curves were subtracted from the flow cell 2 experimental curves using the Biaevaluation 3.2 
software. Between consecutive injections, the chip was regenerated with 10 μl of 0.25 M 
EDTA in 3.5 M guanidium, pH 8. All the experiments were performed at least in duplicate.

For ERCC1 DNA binding studies, 6.25 mM of ssDNA or dsDNA was loaded on the 
immobilized ERCC1 after the dissociation of the XPF from the ERCC1-XPF complex. Since the 
addition of DNA prevented the binding of the His-tagged ERCC1-XPF HhH domain on the 
Ni-NTA surface, the relative amount of (DNA-free) protein (F) was determined as a response 
values at the end of the loading at the time 60 s (R60) divided by the R60 value of the ERCC1-
XPF HhH domain in absence of DNA. To calculate the apparent dissociation constant (KD

app) 
for binding of each oligonucleotide to the ERCC1-XPF HhH domain the relative amount of 
the DNA-free protein (F) was fitted against the total oligonucleotide concentration and 
fitted according to a simple 1:1 model of interaction using GraphPad Prism: (1-F) = [DNA]/
(KD

app + [DNA]), where F represents the relative amount of unbound ERRC1-XPF and KD
app the 

apparent equilibrium binding constant.

NMR experiments
NMR titrations were followed by recording 15N-1H HSQC spectra of ERCC1-XPF 

by adding small volumes of a concentrated solution of commercially purchased DNA 
oligonucleotides (Eurogentec or Operon). The 15N labeled ERCC1-XPF protein and unlabeled 
DNA were dissolved in the same buffer containing 5-50 mM sodium phosphate buffer and 
~25-100 mM NaCl at pH 7.0. All NMR data were collected at 22 °C on a Bruker DRX600 
spectrometer equipped with a z-gradient triple-resonance cryoprobe or a Bruker Avance 
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900 spectrometer equipped with a 5 mm z-gradient triple-resonance probe. A set of 15N-
1H HSQC spectra was acquired with the successive addition of ssDNA, dsDNA and splayed-
arm DNA substrates to 40-100 µM 15N labeled ERCC1-XPF. The NMR data were processed 
and analyzed as described before (33). To compare the chemical shift changes on the DNA 
backbone of a 10 nt ssDNA fragment (36) upon addition of protein, 1H decoupled 1D 31P 
spectra of the free and bound ssDNA were acquired on a Bruker DRX500 spectrometer 
equipped with a QXI probe. 
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SUPPLEMENTAL INFORMATION

Supplementary Figure S1. Probes used for DNA binding to the HhH domain of XPF. The figure shows the names, 
symbols and abbreviations and sequences of the various probes used in this study. The dsDNA probes are depicted 
as duplexes where the sequence of the upper strand is given 5’ to 3’ and the lower strand 3’ to 5’. All ssDNA 
sequences and the 4 strands that together form the Holliday junction are all given 5’ to 3’. ss10 refers to the DNA 
sequence used for the structure determination of the homodimeric HhH domain XPF structure bound to ssDNA 
and in NMR titration experiments (36).
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Supplementary Figure S3. The HhH domain 
of XPF binds non-specifically to telomere 
sequences. The competition assay is as 
described in Figure 1, with 25 µM of the 
G-rich telomere probe (TG: TTAGGG), the 
inverted telomere probe (Tin: GGGATT), a 
split telomere probe (Tsp: GGGTTA), the 
C-rich telomere sequence (TC: CCCTAA) 
or a randomized sequence (R:  GAGCTA) 
of the indicated number of repeats. For 
comparison competition by 0.01, 0.05 
and 0.25 µM B10 substrate is shown. B) 
Competition by 0.02 and 0.2 µM bubble 
(B) or splayed arm (F) substrates containing 
either 12 thymines (12T) or 2 copies of the 
G-rich telomere sequence (TG2: TTAGGG2). 
For comparison competition by equivalent 
amounts of B20T is shown.   

Supplementary Figure S2. The HhH 
domain of XPF binds to Holliday junction 
substrate. A, Competition of XPF binding 
(1.25 µM) to 0.02 µM B10 substrate using 
non-labeled Holliday junction substrate 
(µM) as described in Figure 1C. B, Binding 
of XPF to gel purified Holliday junction 
substrate, concentrations indicated above 
in µM.
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Supplementary  Figure S4. Previously identified dsDNA and ssDNA interfaces in ERCC1 and XFP. CSP results as 
described before for hairpin 20 binding to the HhH domain of the ERCC1-XPF heterodimer (33) and ssDNA to the 
HhH domain of the XPF homodimer (35) plotted on the surface as described in Figure 4.

Supplementary Figure S5. Phosphorous NMR spectra show binding of ERCC1-XPF to various DNA substrates.  A 
comparison of proton decoupled 1D 31P spectra of the 10mer (CAGTGGCTGA) ssDNA phosphate backbone free 
(red) and bound (blue) to the ERCC1-XPF protein.

−2.0−1.5−1.0−0.50.5 0.0 ppm−2.0−1.5−1.0−0.50.5 0.0 ppm

Free 

Bound 

P 
31 
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Supplementary Figure S6. Binding of ERCC1-XPF to DNA substrates containing combinations of ssDNA and dsDNA 
sequences. The figure shows normalized chemical shift changes for ERCC1 (red) and XPF (blue) by the addition 3-4 
fold excess of DNA (details on sequences used is presented in the Supplementary Table 1) to 25-100 µM ERCC1-XPF 
complex under various salt and buffer conditions. The previously determined secondary structure elements are 
depicted above. Missing bars are either proline residues or residues that could not be unambiguously assigned due 
to (exchange) line broadening or peak overlap.
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Supplementary Figure S6. (Continued) Binding of ERCC1-XPF to DNA substrates containing combinations of 
ssDNA and dsDNA sequences.
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Supplementary Figure S7. Substrate preference of ERCC1 for dsDNA established by SPR. On the graph the 
experimental curve of sub-sequential loading of (black arrow) 0.1 µM ERCC1-XPF complex to the Ni2+-loaded NTA 
SPR chip, followed by XPF dissociation (dissociation), loading (blue arrow) and dissociation of ds30 probe and (red 
arrow) loading of ss30 probe is shown. From the ds30 experimental curve the ds30 non-specific binding to the chip 
surface was subtracted, fitted according to the Langmuir 1:1 binding model and shown as an inset. 

Supplementary Figure S8. ERCC1-XPF HhH domain binding to the various ssDNA or dsDNA probes followed by 
SPR competition experiments. A, The representative sensorgrams of 50 nM ERCC1-XPF HhH domain in an absence 
or a presence of various DNA probes were measured on the NTA SPR chip. B, In order to calculate the apparent 
DNA binding affinity (KD

app) the response values at the end of the loading (R60) were divided by the R60 value of 
the ERCC1-XPF HhH domain in absence of DNA and plotted against the total concentration of the DNA and fitted 
considering a 1:1 binding model.
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A multitude of events provides the energy and molecules to build and maintain 
the cell. In this, proteins perform an important function. They can function as enzymes 
that catalyze chemical reactions in and around a cell, they can be involved in cell mobility 
or molecular transport through membranes, they can regulate gene expression, create 
protection, or repair defects. The amazing versatility of protein function highly depends on 
their structure and their interactions to other molecules. Consequently, a small change in 
structure, interaction specificity or affinity can disturb the balance in protein function, thus 
changing the fate of the cells and frequently leading to disease.

The proteins in the cell are encoded by DNA, the carrier of genetic information, 
and it is essential to maintain the genomic code. Despite all kinds of regulatory precautions 
DNA damage occurs and it occurs continuously and frequently. In fact, the changes in DNA 
sequence are even the driving force for evolution and for the diversity of living organisms, 
but it can also lead to disease and loss of genetic information. To ensure the integrity and 
stability of the genome, cells have developed a number of DNA repair machineries. One of 
these is the human Nucleotide Excision Repair machinery that, for example, can repair DNA 
damage caused by UV light. The heterodimeric complex ERCC1-XPF is part of this machinery.

The two proteins, ERCC1 and XPF that associate as a heterodimeric complex, 
are partially homologous. As a complex ERCC1-XPF functions as a structure-specific 
endonuclease. It performs an incision at single strand/double strand DNA junctions on the 
5’-side of damaged and distorted DNA. Though ERCC1-XPF is best known for its function 
in Nucleotide Excision Repair, it has also been linked to several other pathways such as 
DNA Interstrand Cross-Link repair. Much of our knowledge on ERCC1-XPF comes through 
observations in diseases that its malfunction has triggered. Interest in understanding the 
role of ERCC1-XPF in DNA repair has recently increased due to the link found in cancer 
patients between resistance to chemotherapy and ERCC1-XPF expression during tumor 
treatment.

In the research described in this thesis a variety of spectroscopic, functional and 
biophysical techniques have been used to answer some of the unresolved questions with 
respect to the structure, function and stability of the human ERCC1-XPF complex.

Chapter 1 provides a comprehensive review of the current knowledge about the 
human heterodimeric ERCC1-XPF complex, including the DNA repair pathways it is involved 
in, the genetic diseases that link it to these DNA repair pathways, and a description of the 
structural motifs and functional domains of the proteins forming the complex.

The heterodimeric interaction regions of ERCC1 and XPF lie in the C-termini 
of the two proteins. The proteins contact each other by a core interaction interface and 
pseudosymmetric C-terminal phenylalanine anchors that are locked in N-terminally located 
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cavities of the partner protein. In Chapter 2, structural and functional consequences of a 
point-mutation in the interface of the ERCC1-XPF heterodimer are described. Until now, 
only two patients have been reported who carry this mutation in either one allele or both 
alleles, and both suffered from severe disorders and died in early life. The F231L mutation 
is positioned on the tandem Helix-hairpin-Helix (HhH)2 domain of ERCC1 and localizes at its 
hydrophobic interaction interface with XPF. Comparison of the NMR structures of the wildtype 
and mutant protein complexes showed that while F231 is part of ERCC1’s N-terminal cavity, 
its replacement to leucine disrupts this cavity and alters the orientation of the important 
interaction anchor residue F894 of XPF. Further biophysical analysis indicates that these 
structural alterations reduce the stability of the mutant ERCC1-XPF complex.  Previously, it 
has been observed that in vivo and in vitro ERCC1 is not stable in its monomeric state. The 
observed accelerated heterodimer dissociation could diminish the cellular concentration 
of the heterodimeric complex, which agrees with the impairment of DNA repair and the 
accumulation of DNA repair intermediates that cause the phenotype of this mutation.

In vitro, XPF can form homodimers and these are found to be more stable than the 
ERCC1-XPF heterodimer. However, in vivo and in vitro the formation of the ERCC1-XPF (HhH)2 
heterodimer is preferred. In Chapter 3, we report that the dissociation of the complex into 
its monomeric components is very fast. Actually, the dissociation is so fast that ERCC1-XPF 
heterodimer should not exist in vitro. The fact that ERCC1-XPF is quite stable suggests that 
these monomers rapidly re-associate as a heterodimer. It was observed that ERCC1 secondary 
structure elements have lower stability than those of XPF. Besides that, when ERCC1 unfolds 
at conditions such as elevated temperatures, it self-aggregates and precipitates, while XPF 
remains stable until very high temperatures. Upon ERCC1 precipitation at high temperature, 
XPF monomers become available for homodimer formation. In vivo, XPF homodimerization 
must be slower than the re-association of monomeric XPF with free monomeric ERCC1. 
Since homodimeric XPF has a structure different from XPF in the heterodimer, a reason for 
the undetected XPF homodimer can either be that the rate-limiting step for its formation 
is the interconversion rate between these two folds, or that the homodimeric XPF fold 
corresponds to a less populated state. From the hydrogen deuterium exchange rates of 
homodimeric and heterodimeric XPF as monitored by NMR we conclude that homodimeric 
XPF adapts a fold with lower intrinsic stability as compared to its heterodimeric form. This 
supports the hypothesis that the XPF fold in the homodimer corresponds to a less populated 
state. In conclusion, a correct fold of XPF is essential for its association with ERCC1 into a 
functional ERCC1-XPF complex.

A functional property of the ERCC1-XPF complex is its capacity to bind near 
damaged DNA. The preferential binding to single strand/double strand DNA junctions comes 
from the C-terminal (HhH)2 domains of ERCC1-XPF. This mediates the incision function of 
the XPF endonuclease domain at the 5’-side of the damaged strand. Earlier chemical shift 
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perturbation studies have shown that the two hairpins of ERCC1 are able to interact with 
a 22-nucleotide dsDNA substrate and that ERCC1 experiences small local conformational 
changes to accommodate this substrate. However, in these earlier studies no role in DNA 
recognition could be found for the (HhH)2 domain of XPF. Therefore, it was initially thought 
that XPF could not bind DNA, perhaps due to the short second hairpin of its second HhH 
motif. Later, it was shown that the (HhH)2 motif of homodimeric XPF was able to bind to 
ssDNA. It appears that in the first HhH motif of homodimeric XPF charged amino acid 
sidechains of the second helix interact with a 10-nucleotide ssDNA phosphate backbone. In 
fact, a guanine base located at the fifth nucleotide is accommodated into a pocket formed 
by residues from the two HhH motifs of homodimeric XPF, suggesting even specificity of XPF 
for guanine bases. Therefore, an actual model of ERCC1-XPF binding to ss/dsDNA junctions 
lies in the dual DNA binding capacity of ERCC1 and XPF.

In Chapter 4, we further examined the DNA binding preferences of the XPF 
homodimer and present experimental proof for the current model for DNA binding of the 
ERCC1-XPF heterodimer. We show that the homodimeric XPF (HhH)2 domain binds preferably 
to guanine-rich ssDNA and ss/dsDNA Holliday junction sequences. Moreover, it is shown 
that the XPF (HhH)2 domain in the ERCC1-XPF heterodimer uses the same surface as XPF 
in the homodimer to bind ssDNA, whereas the ERCC1 surface with previously determined 
affinity for dsDNA shows no affinity for these ssDNA substrates. To investigate whether all 
DNA binding properties of ERCC1 and XPF could converge into a single model for binding 
of heterodimeric ERCC1-XPF to ss/dsDNA junctions and whether this binding is sequence-
specific or not, we analyzed the affinities of the ERCC1 and XPF DNA binding surfaces 
simultaneously by using various Y-shaped DNA substrates. It was found that both binding 
surfaces are essential for binding affinity as well as specificity. Based on the orientation 
of the ssDNA sequence in the solution structure of XPF homodimer bound to ssDNA, and 
assuming that ERCC1 binds dsDNA as its structural homologs RuvA and archaeal XPF, we 
propose that the HhH domain of XPF binds to the non-damaged single strand of a repair 
bubble DNA.

Taken together, the studies described in this thesis identified considerable dynamics 
in the ERCC1-XPF complex formation, demonstrated the effects of a disease-related interface 
mutation in ERCC1 on the structure and stability of the complex, and substantiated our 
model of ERCC1-XPF specificity for a ds/ssDNA junction, where ERCC1 binds dsDNA and XPF 
ssDNA.
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Samenvatting
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Een groot aantal processen draagt bij aan de energieproductie en de assemblage 
van moleculen betrokken bij de opbouw en het onderhoud van de cel. Eiwitten spelen hierin 
een belangrijke rol. Ze functioneren als enzymen die chemische reacties katalyseren in en om 
de cel, ze spelen een rol in celmobiliteit of moleculair transport door membranen, ze kunnen 
genexpressie reguleren, bescherming creëren of fouten herstellen. De indrukwekkende di-
versiteit van de functie van eiwitten is sterk afhankelijk van hun structuur en interacties met 
andere moleculen. Een kleine verandering in structuur, interactie-specificiteit of affiniteit van 
eiwitten kan dus het evenwicht in hun functie verstoren, en zodoende de ontwikkeling van 
cellen veranderen. Dit ligt vaak ten grondslag aan ziektes.

Eiwitten zijn in de cel gecodeerd door DNA, de drager van genetische informatie, en 
het is van essentieel belang om het genoom intact te laten. Ondanks veel voorzorgsmaatrege-
len, ontstaat DNA-schade en dit ontstaat continu en frequent. In feite zijn de veranderingen 
in DNA-sequentie zelfs de drijvende kracht voor evolutie en voor de grote verscheidenheid 
van levende organismen. Het kan echter ook leiden tot ziekte en verlies van genetische infor-
matie. Om de integriteit en de stabiliteit van het genoom te bewaren, hebben cellen een aan-
tal DNA-reparatieprocessen. Een van deze is het Nucleotide Excisie Reparatie (NER)-mecha-
nisme van de mens dat, bijvoorbeeld, door UV-licht veroorzaakte DNA-schade kan herstellen. 
Het heterodimere complex ERCC1-XPF maakt deel uit van dit herstelmechanisme.

De twee eiwitten, ERCC1 en XPF, die associëren tot een heterodimeercomplex, zijn 
deels homoloog. Wanneer het een complex vormt, functioneert ERCC1-XPF als een struc-
tuurspecifiek endonuclease. Het voert een incisie uit op enkelstrengse/dubbelstrengse 
DNA-overgangen aan de 5’-zijde van beschadigd en vervormd DNA. Ook al is ERCC1-XPF 
vooral bekend om zijn functie in NER, het wordt ook in verband gebracht met verschillen-
de andere trajecten, zoals de reparatie van DNA-tussenstreng kruisverbindingen. Veel van 
onze kennis over ERCC1-XPF komt uit studies van ziektes waarin dit DNA herstel niet goed 
functioneert. De belangstelling voor het begrijpen van de rol van ERCC1-XPF in DNA-herstel 
is recentelijk toegenomen vanwege het gevonden verband bij kankerpatiënten tussen resist-
entie voor chemotherapie en de expressie van ERCC1-XPF tijdens behandeling van de tumor.

In het onderzoek dat in dit proefschrift wordt beschreven, zijn verschillende spec-
troscopische, functionele en biofysische technieken gebruikt om een aantal intrigerende vra-
gen over de structuur, functie en stabiliteit van het menselijke ERCC1-XPF-complex op te 
helderen. 

Hoofdstuk 1 is een inleiding tot het onderzoek in dit proefschrift en geeft een over-
zicht van de huidige kennis over het heterodimere ERCC1-XPF-complex van de mens, inclusief 
verschillende DNA-herstelprocessen waarin het een aandeel heeft, de genetische ziektes die 
in verband zijn gebracht met deze DNA-reparatieprocessen, en een beschrijving van de struc-
tuurmotieven en functionele domeinen van de eiwitten die dit complex vormen. 

De raakvlakken tussen ERCC1 en XPF liggen in de C-termini van beide eiwitten. De 
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eiwitten maken contact met elkaar door een centraal en pseudo-symmetrisch interactievlak. 
Verder wordt dit complex aan weerszijden van dit interactievlak gestabiliseerd door twee 
C-terminale phenylalanine’s, die als ankers in N-terminaal gelokaliseerde holtes van het part-
nereiwit vallen. In Hoofdstuk 2 zijn de gevolgen van een puntmutatie in deze raakvlakken 
op de structuur en functie van het ERCC1-XPF heterodimeer beschreven. Tot op heden is 
van slechts twee patiënten vastgesteld dat die deze mutatie dragen in een of beide allelen. 
Beide leden aan ernstige ontregelingen en stierven vroeg. De F231L-mutatie is geposition-
eerd op het tandem-Helix-haarspeld-Helix (HhH)2-domein van ERCC1 en bevindt zich in het 
hydrofobe interactievlak met XPF. Een vergelijking van de NMR-structuren van de wildtype 
en mutant-eiwitcomplexen tonen dat, hoewel F231 deel uitmaakt van ERCC1’s N-terminale 
holte, de vervanging van F231 door een leucine deze holte vervormt en de oriëntatie van het 
belangrijke interactie-ankerresidu F894 van XPF verandert. Verdere biofysische karakteris-
ering toont aan dat deze structuurveranderingen de stabiliteit van het gemuteerde ERCC1-
XPF-complex reduceren.  Eerder is geobserveerd dat in vivo en in vitro ERCC1 niet stabiel is 
in monomere toestand. De waargenomen versnelde heterodimeer-dissociatie zou de cellu-
laire concentratie kunnen verlagen van het heterodimere complex, wat in overeenstemming 
is met de vermindering van DNA-reparatie en de ophoping van DNA-reparatie-tussenpro-
ducten die tot het fenotype van deze mutatie leiden.

In vitro kan XPF homodimeren vormen en deze zijn over het algemeen stabieler 
dan het ERCC1-XPF-heterodimeer. Toch is er in vivo en in vitro een voorkeur voor de vorming 
van het ERCC1-XPF (HhH)2. In Hoofdstuk 3 laten we zien dat de dissociatie van het complex 
in zijn monomere componenten erg snel is. De dissociatie is zelfs zo snel dat ERCC1-XPF-het-
erodimeer in vitro niet zou kunnen bestaan. Het feit dat ERCC1-XPF toch redelijk stabiel is, 
suggereert dat deze monomeren snel herassociëren tot een heterodimeer. In dit hoofdstuk is 
ook beschreven dat de ERCC1 secundaire structuurelementen een lagere stabiliteit hebben 
dan die van XPF. Tevens is waargenomen dat ERCC1, wanneer het ontvouwt bij condities 
zoals een verhoogde temperatuur, zelf-aggregeert en het neer slaat, en dat XPF stabiel bli-
jft tot hele hoge temperaturen. Daardoor komen bij hoge temperaturen, wanneer ERCC1 
precipiteert, XPF-monomeren beschikbaar voor homodimeer-formatie. In vivo moet de XPF 
homodimerisatie echter langzamer zijn dan de herassociatie van monomeer XPF met vrij 
monomeer ERCC1. Omdat XPF in het homodimeer een andere structuur heeft dan XPF in 
het heterodimeer, is een mogelijke reden voor de in vivo afwezigheid van XPF-homodimeer 
ofwel dat de omzetting tussen de twee conformaties erg langzaam is, ofwel dat de homod-
imeer-conformatie van XPF correspondeert met een laag gepopuleerde toestand. Uit bes-
tudering van de waterstof-deuterium-uitwisselingssnelheden van homodimeer en heterodi-
meer XPF met NMR, kunnen we concluderen dat homodimeer XPF een structuur vormt met 
lagere intrinsieke stabiliteit dan zijn heterodimeervorm. Dit onderbouwt de hypothese dat 
de XPF-conformatie in de homodimeer correspondeert met een laag gepopuleerde toestand. 
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We kunnen concluderen dat een correcte vouwing van XPF essentieel is voor de associatie 
met ERCC1 in een functioneel ERCC1-XPF-complex. 

Van belang voor de functie van het ERCC1-XPF-complex is zijn vermogen om in de 
buurt van beschadigd DNA te binden. De voorkeur voor binding van ERCC1-XPF aan enkel-
strengs(ss)/dubbelstrengs(ds) DNA-overgangen wordt bepaald door de C-terminale (HhH)2 
domeinen van ERCC1-XPF. Deze voorkeur positioneert de incisiefunctie van het XPF-endonu-
cleasedomein aan de 5’-zijde van de beschadigde DNA-streng. Eerdere studies waarin met 
NMR de veranderingen in chemische-verschuiving van ERCC1 werden bestudeerd in titraties 
met een 22-nucleotide dsDNA-substraat, hebben aangetoond dat de twee haarspelden van 
ERCC1 verantwoordelijk zijn voor  interacties met dsDNA en dat ERCC1 kleine lokale con-
formatieveranderingen ervaart om dit substraat te accommoderen. Echter, in deze eerdere 
studies werd geen rol voor het (HhH)2-domein van XPF in DNA-herkenning gevonden. Daar-
om werd in eerste instantie gedacht dat XPF geen DNA kon binden, met als mogelijke re-
den de afwijkende korte tweede haarspeld van XPF. Later werd echter gevonden dat het 
(HhH)2-motief van homodimeer XPF in staat was om ssDNA te binden. In het complex van 
homodimeer XPF met ssDNA zijn geladen aminozurenzijketens van de tweede helix van het 
eerste HhH-motief verbonden met de fosfaatgroepen van de ruggegraat van ssDNA. Een gua-
nine-base op positie 5 van een 10-nucleotide ssDNA is ingesloten in een holte die gevormd is 
door de residuen van de twee HhH-motieven van homodimeer XPF. Dit suggereert tevens dat 
XPF specificiteit heeft voor guanine-basen. Dus, een actueel model van de ERCC1-XPF-bind-
ing met ss/dsDNA-overgangen omvat de duale DNA-bindingscapaciteit van ERCC1 en XPF.

In Hoofdstuk 4, onderzoeken wij de specificiteit van DNA-binding van het XPF ho-
modimeer in meer detail en leveren wij experimenteel bewijs voor het actuele model voor 
DNA-binding van het ERCC1-XPF heterodimeer. We laten zien dat het (HhH)2-domein van 
homodimeer XPF bij voorkeur aan guaninerijk ssDNA en ss/dsDNA Holliday-structuren bindt. 
Verder wordt getoond dat het XPF (HhH)2-domein van het ERCC1-XPF-heterodimeer hetzelf-
de interactie-oppervlak gebruikt om ssDNA te binden als het XPF-homodimeer, terwijl ERCC1 
geen affiniteit toont voor deze ssDNA-substraten maar wel, zoals eerder bepaald, affinite-
it voor dsDNA heeft. Om vast te stellen of alle DNA-bindingseigenschappen van ERCC1 en 
XPF kunnen worden samengebracht in een enkel model voor de binding van heterodimeer 
ERCC1-XPF aan ss/dsDNA-overgangen en of deze binding sequentie-specifiek is of niet, heb-
ben we de affiniteiten geanalyseerd van ERCC1-XPF voor verschillende Y-vormige DNA-sub-
straten, die gelijktijdig aan de ERCC1 en de XPF DNA-bindingsvlakken kunnen binden. In dit 
hoofdstuk tonen we een model, hoe het HhH-domein van XPF van ERCC1-XPF bindt aan de 
onbeschadigde enkelstreng van een reparatiebubbel-DNA, gebaseerd op de oriëntatie van 
de ssDNA-sequentie in de structuur van het ssDNA-complex van XPF-homodimeer, en de 
structuren van de homologe DNA-complexen van RuvA en archaeaal XPF.

Samenvattend, de studies beschreven in dit proefschrift, laten aanzienlijke dynami-
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ca in de ERCC1-XPF-complexformatie zien, demonstreren de effecten van ziektegerelateerde 
mutaties van ERCC1 in het interactiegebied met XPF op de structuur en stabiliteit van het 
complex, en onderbouwen ons model van de ERCC1-XPF-specificiteit voor ds/ssDNA-over-
gangen, waarbij ERCC1 dsDNA bindt en XPF ssDNA.
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   خالصه فارسی 
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بــا  بــا پروتئینــی  هرتودیمــر توســط تکنیــک رزونانــس مغناطیســی هســته نشــان می دهــد کــه ســاختار ایکس.پــی.اف در همودیمــر 

ــری  ــت همودیم ــه حال ــت ک ــه اس ــن نظری ــده ای ــت کنن ــر تقوی ــن ام ــق دارد. ای ــری  تطاب ــت هرتودیم ــه حال ــبت ب ــرت نس ــی کم ــداری درون پای

ایکس.پــی.اف بــا تاخوردگــی پروتئینــی باســطح انــرژی کم جمیت تــر نســبت بــه هرتودیمــر تطابــق دارد. در نتیجــه،  تاخوردگــی صحیــح 

ایکس.پی.اف برای تشکیل کمپلکس با ای.آر.سی.سی۱ رضورت دارد. 

یکــی از ویژگیهــای ســاختاری ای.آر.سی.ســی۱-ایکس.پی.اف قابلیــت اتصــال آن بــه نواحــی نزدیــک بــه دی.ان.ای آســیب دیده اســت. 

 می باشــد. ایــن نــوع 
۲
ترجیــح در اتصــال بــه دی.ان.ای در محــل الحــاق تک رشته/دو رشــته مربــوط بــه انتهــای کربونیــل یعنــی دومیــن )اچ.اچ.اچ(

۵ دی.ان.ای  آســیب دیده  توســط دومیــن اندونوکلئــاز می شــود.مطالعات گذشــته بــر روی تغییرات  برهم کنــش منجــر بــه عملکــرد برشــی در ســمت̀ 

شــیفت شــیمیایی نشــان داده اســت کــه دو ناحیــه هیرپین۷ در ای.آر.سی.ســی۱ با سوبســرتای دی.ان.ای دو رشــته ۲۲ نوکئوتیــدی برهم کنش می کنند 

و ای.آر.سی.ســی۱ هنــگام ایــن برهم کنــش دســتخوش تغییــرات ناحیــه ای کوچکــی می شــود. امــا در ایــن مطالعــات نقشــی بــرای تشــخیص دی.ان.

 در  ایکس.پــی.اف یافــت نشــده بــود.در نتیجــه، در آغــاز ایــن تصــور وجــود داشــت کــه ایکس.پی.اف به علــت اینکه 
۲
ای توســط دومیــن )اچ.اچ.اچ(

ناحیــه هیرپیــن دومــش کوتاهــرت می باشــد، قــادر بــه  اتصــال به دی.ان.ای نیســت. بعدها، نشــان داده شــد کــه ایکس.پــی.اف در پروتئیــن همودیمر 

قــادر بــه اتصــال بــه دی.ان.ای تک رشــته می باشــد. گروههــای بــاردار در اولیــن موتیــف اچ.اچ.اچ قــادر بــه برهم کنــش بــا زنجیــره اصلــی فســفاتی 

دی.ان.ای تک رشــته ۱۰ نوکلئوتیــدی می باشــند کــه نشــانگر اختصاصــی بــودن برهم کنــش بــا بازهــای گوانیــن می باشــد.  در نتیجه، یک مــدل اتصالی 

ای.آر.سی.ســی۱-ایکس.پی.اف بــه دی.ان.ای در محــل الحــاق تک رشته/دو رشــته بــه ظرفیــت اتصــال هــر دو پروتئیــن ای.آر.سی.ســی۱ و ایکس.پــی.

اف وابسته است. 

ای.آر.سی.ســی۱  اتصــال  مــدل  ایــن  درســتی   و  آزموده ایــم  را  دی.ان.ای  اتصــال  ترجیــح  فرضیــه  ایــن  چهــارم،  فصــل  در 

 ایکس.پــی.اف 
۲
-ایکس.پــی.اف بــه دی.ان.ای  را بــا روشــهای آزمایشــگاهی اثبــات منوده ایــم. مــا نشــان می دهیــم کــه دومیــن )اچ.اچ.اچ(

می دهــد.  ترجیــح  را  تک رشته/دو رشــته  هالیــدی  الحــاق  و  گوانیــن  از  غنــی  تک رشــته  دی.ان.ای  توالی هــای  بــه  اتصــال  همودیمــری 

دی.ان.ای  بــه  اتصــال  بــرای  همودیمــری  ایکس.پــی.اف  مشــابه  ســطح  از  هرتودیمــری  ایکس.پــی.اف   
۲
)اچ.اچ.اچ( دومیــن  همچنیــن، 

تک رشــته اســتفاده می کنــد، در حالیکــه  ای.آر.سی.ســی۱ متایلــی بــرای اتصــال بــه دی.ان.ای تک رشــته نشــان منی دهــد. بــرای درک ایــن 

موضــوع کــه آیــا ایــن ویژگیهــا در یــک مــدل اتصــال ای.آر.سی.ســی۱-ایکس.پی.اف هرتودیمــری بــه محــل الحــاق تک رشته/دو رشــته 

ــا دی.ان.ای را  ــده ب ــش کنن ــطوح برهم کن ــل س ــا متای ــه، م ــا ن ــت ی ــاص اس ــای خ ــژه توالی ه ــال وی ــن اتص ــا ای ــه، و آی ــا ن ــود ی ــه می ش خالص

ــطح  ــر دو س ــه ه ــم ک ــان دادی ــم و نش ــرار دادی ــی ق ــورد بررس ــف م ــرتاهای مختل ــتفاده از سوبس ــا اس ــی.اف ب ــی۱ و ایکس.پ در  ای.آر.سی.س

ــه دی.ان. ــل ب ــاختار متص ــته در س ــی دی.ان.ای تک رش ــش توال ــاس آرای ــر اس ــتند. ب ــال رضوری هس ــودن اتص ــی ب ــل و اختصاص ــزان متای در می

ای ایکس.پــی.اف همودیمــری و بــا ایــن فــرض کــه ای.آر.سی.ســی۱ هامننــد همولوگهایــش بــه دی.ان.ای دو رشــته متصــل می شــود، مــا 

پیشنهاد می کنیم که دومین اچ.اچ.اچ در ایکس.پی.اف به حباب دی.ان.ای تک رشته آسیب ندیده متصل می شود. 

در کل، مطالعات ارائه شده در این رساله، دینامیک قابل توجه در تشکیل کمپلکس ای.آر.سی.سی۱-ایکس.پی.اف و اثرات یک جهش 

بیامری زا در سطح برهم کنش ای.آر.سی.سی۱ بر ساختار و پایداری را نشان می دهد و درستی مدل ما برای  اختصاصیت ای.آر.سی.سی۱-ایکس.پی.

اف برای  دی.ان.ای در محل الحاق تک رشته/دو رشته را اثبات می کند.

1 DNA 2 UV  3 ERCC1-XPF 4 ICL-repair  5 (HhH)2  
6 SPR 7 hairpin
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وقایــع مختلفــی انــرژی و مولکولهــای الزم بــرای ســاخت و بقــای ســلول تامیــن می مناینــد. پروتئینهــا نقــش مهمــی در ایــن امــر دارنــد 

و می تواننــد بــه عنــوان آنزیــم واکنشــهای شــیمیایی را در ســلول و محیــط اطــراف آن کاتالیــز منایند، در حرکت ســلولی یــا نقل و انتقال از خالل غشــا 

نقــش بــازی مناینــد، بیــان ژن را تنظیــم منایند،نقــش حفاظتی داشــته باشــند و یا تخریبهــا را ترمیم منایند.  تنوع چشــمگیر در عملکــرد پروتئینها تا حد  

زیــادی وابســته بــه ســاختار و بر هم کنشــهای آنهــا بــا مولکولهــای دیگــر اســت. در نتیجــه، تغییــری ناچیــز در ســاختار، عملکــرد اختصاصــی یــا متایــل 

پروتئینها به هم تعادل عملکردی را بر هم زده و در نتیجه منجر به تغییر رسنوشت سلول و در بسیاری موارد بروز بیامریها می گردد. 

پروتئینهــا در ســلول توســط دی.ان.ای۱ کــد می شــوند کــه حامــل اطالعــات ژنتیکــی اســت، و حفــظ ایــن اطالعــات ژنتیکی امری بســیار   

رضوری اســت. علی رغــم متــام متهیــدات انجــام شــده، تخریــب  دی.ان.ای  بــه صــورت مــداوم و پی در پــی رخ می دهــد. در واقــع، همیــن تغییــرات در 

توالــی دی.ان.ای عامــل رخــداد تکامــل و تنــوع زیســتی در موجــودات زنــده می باشــد، ولــی در عیــن حــال می توانــد منجــر بــه اختــالالت بیــامری زا 

و از دســت رفــن اطالعــات ژنتیکــی نیــز بشــود. بــرای اطمینــان از حفــظ قــوام و پایــداری ژنــوم، ســلولها روش هایــی بــرای ترمیــم آســیبهای دی.ان.

ای گســرتش داده انــد. یکــی از ایــن روشــها، ترمیــم برداشــت نوکلئوتیــد آســیب دیده اســت، کــه می توانــد بــه عنــوان مثــال آســیب حاصــل از اشــعه 

یو.وی۲  را ترمیم مناید. کمپلکس هرتودیمری ای.آر.سی.سی۱-ایکس.پی.اف۳ یکی از پرووتئینهای فعال در این سیستم ترمیمی است. 

دو پروتئیــن ای.آر.سی.ســی۱ و ایکس.پــی.اف بــه عنوان کمپلکســی هرتودیمری به هم پیوســته اســت و بخشــهایی از ایــن دو پروتئین 

همولوگ می باشــد.  ای.آر.سی.ســی۱-ایکس.پی.اف  کمپلکســی اســت که به عنوان یک اندونوکلئاز ســاختار ویژه عمل می مناید و برشــی در ســمت 

'۵ دی.ان.ای  آســیب دیده در محــل الحــاق دی.ان.ای تــک رشته/دو رشــته ایجــاد می کنــد. اگرچــه ای.آر.سی.ســی۱-ایکس.پی.اف بیشــرت بــه خاطــر 
عملکــردش در ترمیــم برداشــت نوکئوتیــد شــناخته شــده، عمکــردش بــه مســیرهای ترمیمــی دیگری نیــز ارتبــاط دارد از جملــه ترمیم پل بین رشــته ای۴ 

دی.ان.ای. قســمت عمــده دانــش مــا در مــورد ای.آر.سی.ســی۱-ایکس.پی.اف از تحقیــق در مــورد بیامریهایــی کــه منجــر بــه نقص می شــوند نشــات 

می گیــرد. اخیــرا، عالقــه دانشــمندان بــه درک نقــش ای.آر.سی.ســی۱-ایکس.پی.اف در ترمیــم دی.ان.ای افزایــش یافتــه کــه علــت عمــده آن ارتبــاط 

کشف شده بین مقاومت بیامران رسطانی به شیمی درمانی و میزان بیان ای.آر.سی.سی۱-ایکس.پی.اف هنگام درمان تومور می باشد. 

در این رساله، از روشهای اسپکرتوسکوپی و تکنیکهای سنجش عملکرد و بیوفیزیکی برای پاسخ به برخی سواالت در مورد ساختار، عملکرد و پایداری  

کمپلکس انسانی ای.آر.سی.سی۱-ایکس.پی.اف استفاده شده است. 

فصــل اول  بــه تفصیــل و توضیح دانش کنونی درباره کمپلکس انســانی ای.آر.سی.ســی۱-ایکس.پی.اف می پردازد که شــامل مســیرهای 

ترمیــم دی.ان.ای، بیامریهــای ژنتیکــی مرتبــط بــا ایــن مســیرها، و توصیــف موتیفهای ســاختاری و دومیــن های عملکــردی  پروتئینهای تشــکیل دهنده 

کمپلکس می پردازد. 

نواحــی برهم کنــش هرتودیمــری ای.آر.سی.ســی۱ و ایکس.پــی.اف در انتهــای کربونیــل دو پروتئیــن قــرار دارد. دو پروتئیــن از طریــق 

ســطح مرکــزی  برهم کنشــی بــا هــم در متاســند و زنجیره هــای جانبــی آمینواســیدهای فنیــل  آالنیــن  در انتهــای کربونیــل نســبت بــه هــم  تقــارن 

سودوســیمرتیک  داشــته و بــه صــورت قفــل و کلیــد در حفــره هــای پروتئیــن پارتــر قــرار میگیرنــد. در فصــل دوم،  عواقــب ســاختاری و عملکــردی 

یــک جهــش در ایــن ســطح   برهــم کنــش ای.آر.سی.ســی۱-ایکس.پی.اف توضیــح داده شــده اســت. تــا کنــون، تنهــا دو بیــامر حامــل ایــن جهــش در 

یــک یــا هــر دو الــل گــزارش شــده انــد  و هــر دو ایــن بیامرهــا دارای نواقــص شــدیدی بــوده و در عنفــوان کودکــی جــان ســپردند. جهش فنیــل آالنین 

 ۵ در ای.آر.سی.ســی۱  قــرار داشــته  و متعلــق بــه ســطح برهم کنــش هیدروفوبیــک آن بــا ایکس.پــی.اف 
۲
۲۳۱ بــه لوســین در دومیــن )اچ.اچ.اچ(

می باشد.مقایســه  ســاختار کمپلکســها در پروتئیــن طبیعــی و جهــش یافتــه بــا اســتفاده از تکنیــک رزونانــس مغناطیســی هســته نشــان می دهــد کــه 

جایگزینــی ذکرشــده در پروتئیــن  جهش یافتــه منجــر بــه از بیــن رفــن حفــره پروتئینــی در ایــن ناحیــه و تغییــر آرایــش آمینواســید کلیــدی فنیل آالنین 

ــداری ای.آر.سی.ســی۱-ایکس.پی.اف را کاهــش داده  ــرات پای ــن تغیی ۸۹۴ در ایــن حفــره می شــود. مطالعــات بیوفیزیکــی نشــان می دهــد کــه ای

و  بــا توجــه بــه اینکــه ای.آر.سی.ســی۱ در پروتئیــن طبیعــی بــه صــورت مونومــری ناپایــدار اســت، افزایــش جدایــش کمپلکــس ای.آر.سی.ســی۱-

ایکس.پــی.اف  در پروتئیــن جهــش یافتــه می توانــد منجــر بــه کاهــش غلظــت ســلولی کمپلکــس هرتودیمــری  بشــود کــه بــا تداخــل در فرآینــد

ترمیم دی.ان.ای و تجمع پروتئینهای واسطه دیگر این فرآیند تطابق دارد.

در محیــط آزمایشــگاهی، ایکس.پــی.اف قــادر بــه تشــکیل همودیمــر بــا خــودش اســت کــه بــه نظــر می آیــد پایدارتــر از هرتودیمــر 

ای.آر.سی.ســی۱-ایکس.پی.اف باشــد. بــه هــر صــورت، چــه در محیــط آزمایشــگاهی و چه در بــدن موجود زنــده، هرتودیمر ای.آر.سی.ســی۱-ایکس.

پــی.اف ترجیــح داده شــده اســت. در فصــل ســوم، مــا جدایش بســیار رسیع کمپلکس بــه مونومرهایــش را طی آزمایــش اس.پی.آر۶ گــزاررش می کنیم، 

جدایشــی کــه آنقــدر رسیــع اســت کــه بــه نظــر می رســد کمپلکــس ای.آر.سی.ســی۱-ایکس.پی.اف نبایــد در موجــود زنــده وجــود داشــته باشــد. ایــن 

واقعیــت کــه کمپلکــس ای.آر.سی.ســی۱ -ایکس.پــی.اف کمپلکســی پایدار اســت، پیشــنهاد میکند که ایــن کمپلکس پس از جدایش مجــددا به صورت 

هرتودیمر تشکیل می شود. 

تشــکیل همودیمــر  بــا خــودش  رســوب می کنــد،  ای.آر.سی.ســی۱  وقتــی  بــاال  دمــای  در  تنهــا  ایکس.پــی.اف   همچنیــن، 

می دهــد. در موجــود زنــده، ایــن تشــکیل همودیمــر بایــد کندتــر از تشــکیل مجــدد هرتودیمــر باشــد. مطالعــه بیشــرت ســاختار ایکــس.

ــات  ــه در مطالع ــاوت دارد ک ــاختاری متف ــر س ــه همودیم ــبت ب ــر نس ــت هرتودیم ــع در حال ــن در واق ــن پروتئی ــه ای ــد ک ــان می ده ــی.اف نش پ

گذشــته ایــن تفــاوت چنــدان مــورد توجــه قــرار نگرفتــه بــوده اســت. اینکــه همودیمــر کمــرت مشــاهده می شــود می توانــد بــه ایــن 

دلیــل باشــد کــه پروتئیــن بــا ســاختار همودیمریــک در ســطح انــرژی بــا جمعیــت متفــاوت قــرار دارد و یــا اینکــه رسعــت تبدیــل دو 

ــر و  ــوم در همودیم ــا دوتری ــدروژن ب ــادل هی ــزان تب ــده رسعــت باشــد. مقایســه می ــه محــدود کنن ــن مرحل ــن پروتئی ــر در ای ــه یکدیگ ســاختار ب



138



139

Akcnowledgements



140

Doing a PhD , sometimes feels like a lonesome journey, but I have been surounded 
by wonderful people who have contributed to this work and has given enormous support 
during thiscourse of my academic career.  

I am deeply thankful to my supervisor and promoter Prof. Rolf Boelens and my co-
promoter Dr. Gert Folkers for the excellent remarks and fruitful input during my PhD period. 
I appreciate all the time you devoted to our fruitful discussions during these last months  
when your schedule was busier than ever.  I am also thank ful for the useful remarks of Prof. 
s Jan Hoeijmakers and Robert Kaptein on my first paper. 

I am grateful to Hans Wienk who was involved in my project with a constructive 
critical eye and a sense of humor. Hans, I appreciate your scientific contributions and feedback 
during my PhD years! Ramachandra Dongre, king Rama, I started my PhD witnessing you 
being commited to conquer all the ups and downs of research in the field of solution NMR, 
trying to purify the bad behaving IF2-G2-G3 and simultanously set up new NMR experiment. 
Thanks for late-night brainstorming sessions while performing protein purifications or 
spectral assignments. I am sure you have attained huge knowledge and experience that is 
benefiting a lot the people in your current lab! Klaartje Houben, my officemate from the 
beginning, I am glad that I shared the office with you. I appreciate your willingness to discuss 
the questions I had in my project every now and then.  Also, your attitude towards female 
scientists is very inspiring to me! 

XueLi (Li Xue) and Anna Vangone! My not just colleagues but great friends! It is 
already about 2 years that we have you in the group! You started at the same time about 
when Luciana was visiting. Suddenly, there was some color to our group: girls! You showed 
that it doesn’t need to be numbered 50-50, to feel 50-50! It has been wonderful and indeed 
very fruitful for me to have you around. Scientifically, I love how smooth things has been 
around you. Anna, I appreciate all the time we have spent in the lab and outside discussing 
different matters. Thanks for all your support and the effort you are already putting as my 
paranymph!  XueLi, I appreciate how continually you encouraged me through the writing of 
this dissertation. Thanks for all the input and career advices you have given me. It has been 
very eye-opening. Luciana, thanks for all the discussions we had in the lab and over the 
skype. It felt really good to be at similar level with someone. To be both more biochemist 
than NMR“ist”. I very much enjoyed your short stay and wish you had come sooner and 
stayed longer. Good luck with your PhD!

Mohammed Kaplan, my other paranymph, I really enjoyed our discussions about 
food and culture and I learned how close is our cultures! Thanks for being a supportive 
colleague and wonderful friend. Gydo van Zundert, we used to be office mates but I know no 
one likes that small desk on the way in the office! I knew you will not last that long but you 
lasted longer than I thought! Thanks for the goodbye chocolate.  I ate it all during the late 
night works when no food was available anymore! And thank you so much for translating 



A
ck

no
wl

ed
ge

m
en

ts

141

my Samenvatting! Sorry that I did not manage to bring you the Shah’s crown.  Dr. Abhishek 
Cukkemane, I really enjoyed our discussions and the Indian Cuisine. Also, thank you for your 
cool advices.   

Hans Ippel, Tobias Madl, Hugo van Ingen and Henry Hocking thanks for the  brilliant 
remarks during the work discussions and supports in setting up NMR experiments. Markus, 
Elwin and Denni, thanks for the positive words and support during the conversations we 
had in the lab. Mark Daniels, thanks for your advices besides being a cool lab engineer. I 
am glad that you finally joined back to the lab. Nuno, Deepak, Sabina, Amanda, Klemen, 
Alma, Tessa and Eline, I wish you were here now, but I am glad that each of you are not 
here for good reasons.  Ezgi Karaca, João Rodrigues, Adrien Melquiond , Panagiotis Kastritis, 
Mark van Dijk! you were the core of the longest lasting team of the group that not only 
shared your moments at work but also at home. The tie between you was very attractive 
and inspiring. Keep continuing! I especially miss your group when it was the most expanded 
having Cristophe schmitdz and Mikael Trellet in it, when we used to gatrher during the 
movie nights!  Also, it was nice to have super nice people every now and then in your group.

Barbara Hendricx, thanks for that first dinner at your place that was a good start 
for me, feeling welcomed to the Netherlands. And thanks for all the administrative work 
you have done for me including jobs that are not your duty but you willingly have done, 
especially jobs like proofreading my samenvatting. Many thankful thoughts to former or 
new group members are still floating in my mind: Munishika Kalia and Marie Renault for 
their supportive words, Malgorzata Szeląg for our refreshing conversations, Ramon for our 
discussions on ERCC1-XPF and his endless questions about Iran. Ivan, Cecilia and Cunliang 
welcome to the group, thanks for your smiling faces and good luck with your PhD. I thank 
all the present and former colleagues that might have slipped out of my mind during writing 
these lines.

I extend my thanks to my friends from other groups of Bijvoet Institute, first of 
all Els Halff. Els joonam, kheili khoshhalam ke Iran umadi va behet khosh gozasht. Thanks 
for being my practical colleague and friend who supported me unconditionally from the 
beginning of my stay in the Netherlands. I appreciate all the efforts and lengthy emails that 
now you send me from UK to inform me on many stuff. I am so rewarded to have friends like 
you. Marloes joonam, our occasional, sometimes even accidental, meetings are wonderful 
and I like your sense of humor. Now, the exceptional Bijvoet team stars, former and current, 
Elif, David Minde, Alfonso, Andrea V., Deniz, Jonas, Martina, Tania, Hedwich, Camilla, Daniel, 
Luca, Nadia, Viviana and thanks for your lectures and remarks during AIO evenings and 
collaborations every now and then with the lab facilities. Also, thanks for making my life 
spicy! A word of gratitude to all my good friends Hajar, Shalaleh, Nahid, Fatemeh, Ana Dovc, 
Tahmineh, Afrouz, Pasha, Akvile, Shekoofeh and Samad who supported and consoled me 
during the rough times of this long journey. And thanks to those who brought sunshine to 



142

the cloudy winters of the Netherlands: Mina, Pourya, Khale Mitra and Mr. Sohrab, Naghmeh, 
Marjolein, Peyman, Iman R., Shima, Amir, Vahid and my artist flatmate Sima.

Last but definitely not the least, I am especially grateful to my wonderful family for 
their unconditional love from far-away and close-by. My kind father whose compassion and 
determination to be humane will eternally stay in my memory, my mother, my role model, 
whose devotion and support has given me the strength in the roughest times during my PhD 
and beyond, my dear sister, whose love and honest opinions has always warmth my heart 
and helped me to keep in the track and my brothers for their advices and support.
قدرشــناس خانــواده عزیــزم هســتم کــه غــم دوری را بــه جــان خریدنــد و  دورادور از مــن حمایــت نموده انــد. قــدردان 
و شــریفم هســتم کــه گرچــه در کنــارم نیســت ولــی یــاد و خاطــرش ابــدی اســت، مــادرم،  پــدر دلســوز،  مهربــان 
سرمشــق زندگیــم، کــه  ایثــار و حمایــت بــی دریغــش در ســختترین لحظــات در طــول دوره دکتــرا و زمانهــای قبــل 
گرمــی  را  قلبــم  اش  صادقانــه  نظــرات   و  عشــق  کــه  خوش قلبــم  خواهــر  بخشــیدو  اکفــی  تــوان  مــن  بــه  آن  از 
بخشــیده و مســیر زندگــی را برایــم روشــن نمــوده اســت و قدرشــناس بــرادران مهربانــم هســتم بــرای راهاکرهــا و 

حمایتهای بی دریغشان. 

Thanks to all of you,
بی نهایت سپاسگذار همگی هستم
Maryam مریم
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