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Chapter 2

Nucleotide Excision Repair in Mammals

Martijn S. Luijsterburg and Roel van Driel

19



Introduction

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

the molecular mechanism has been conserved from bacteria to man. NER removes a

variety of structurally unrelated lesions from the genome such as the UV-induced

pyrimidine-pyrimidone (6-4) photoproducts (6-4 PP) and cyclobutane pyrimidine

dimers (CPD; see Fig 1). Placental mammals fully rely on NER for the removal of

UV-induced damages from their genome. In addition, NER removes bulky adducts

formed by polycyclic aromatic hydrocarbons (such as benzopyrene that is present in

cigarette smoke and car exhaust fumes), intrastrand cisplatin adducts and small (~10

kDa) protein-DNA cross-links (Nakano et al., 2007). An important molecular

determinant for efficient lesion recognition by NER is the degree of double helix

distortion inflicted by the lesion. For instance, (6-4) PPs are more helix-distorting than

CPD and as a result the repair rate of 6-4 PP is ~5 times higher than that of CPDs (Bohr

et al., 1985; Kim and Choi, 1995; Mitchell and Nairn, 1989).A hallmark of NER is the

removal of lesions as part of a single-stranded DNA fragment that is usually ~30

nucleotides in size. Mammalian NER involves ~30 gene products and comprises the

following steps (see Fig 2): i) damage recognition, ii) DNA unwinding and lesion

demarcation, iii) dual incision around the lesion, iv) release of a single-stranded DNA

fragment containing the DNA injury and v) repair synthesis and ligation of the nick (for

a more detailed model see Fig 3) (Aboussekhra et al., 1995; de Laat et al., 1999).

Two mechanistically distinct repair pathways and associated syndromes

Two mechanistically distinct NER pathways exist: a transcription-coupled repair

pathway (TCR) that removes lesions exclusively from actively transcribed genes and

a global genome repair pathway (GGR), which removes lesions all throughout the

genome (Mellon et al., 1987). Three human disorders are connected to inherited defects

in NER: Xeroderma pigmentosum (XP), Cockayne syndrome (CS) and trichothiodys-

trophy (TTD) (de Boer and Hoeijmakers, 2000; Lehmann, 2003). XP is the classic

NER-deficiency syndrome and XP patients suffer from extreme photosensitivity and

high susceptibility to skin-cancer. The hallmarks of XP are a dry parchment skin and

pigmentation abnormalities in sun-exposed areas (de Boer and Hoeijmakers, 2000).

Nine XP complementation groups have been identified (XP-A, B, C, D, E, F, G) and

defects in the TLS polymerase η lead to XP-V (XP variant) (Flejter et al., 1992;

Keeney et al., 1994; Legerski and Peterson, 1992; Masutani et al., 1999; Scherly et

al., 1993; Sijbers et al., 1996a; Tanaka et al., 1990; Weeda et al., 1990). Moreover, the

first human patient with an inherited defect in the repair protein ERCC1 (which was

the first human repair gene to be cloned) was recently described representing a novel

XP complementation group (Jaspers et al., 2007;Westerveld et al., 1984). The products

of all the XP genes are involved in both NER sub-pathways except XPC and XPE,

which are only required for GGR (van Hoffen et al., 1995). Two CS complementation

groups have been identified (CS-A, CS-B) and cells from both groups are defective in
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TCR but not GGR, illustrating that the

CS proteins are dedicated to TCR

(Henning et al., 1995; Troelstra et al.,

1992). Patients suffering from CS

display neurological, developmental

and aging-related problems and are

photosensitive although not to the

same extend as XP patients. Moreover,

CS patients do not have an increased

risk of developing skin-cancer (de

Boer and Hoeijmakers, 2000;

Lehmann, 2003). Some patients from

the XP-B, XP-D and XP-G comple-

mentation groups also have features of

CS (Broughton et al., 1995; Weeda et

al., 1990). Defects in TCR alone do not

explain the severity of the CS

phenotype and it is the current view

that besides a NER-deficiency

disorder, CS is also a transcription

disorder. This explains why combined

XP/CS is only found in XP-B, XP-D

and XP-G patients since besides NER,

the corresponding gene products are

also involved in transcription (Drapkin

et al., 1994). XPB and XPD are the

helicase subunits of general transcrip-

tion factor IIH (TFIIH) and mutations

that lead to combined XP/CS were

shown to impair the transcription

function of TFIIH (Coin et al., 1999).

In addition, XPG was shown to

stabilize TFIIH, which is required to

activate transcription (Ito et al., 2007).

One TTD complementation group has

been identified (TTD-A) and the TTD

gene product was shown to be the

tenth subunit of the TFIIH protein

complex that also contains the XPB

and XPD subunits (Giglia-Mari et al.,

2004). In agreement, some XP-B and
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Fig 2. Schematic overview

of the mechanism of NER.

Fig 1. UV-induced photoproducts. The upper image

shows a CPD formed by double bonds (between the

5-5 and 6-6 carbon atoms) between two adjacent

thymidines. The lower image shows a 6-4 PP formed

by the linkage of the 6-4 carbon atoms between a

thymidine and cytosine



XP-D patients have features of TTD (Coin et al., 1998; Weeda et al., 1997b). Patients

suffering from TTD display brittle hair, unusual facial features and show severe

clinician manifestation reminiscent of CS. Although the TFIIH complex from TTD

cells is fully functional, the cellular levels of TFIIH are extremely low implying TTDA

in maintaining normal levels of TFIIH (Giglia-Mari et al., 2004; Vermeulen et al.,

2000).

Molecular mechanism of NER

After the identification of the different XP complementation groups, NER was

successfully reconstituted in vitro using the following proteins: XPC, TFIIH, XPA,

XPG, RPA, ERCC1 and XPF, which are sufficient to perform dual incision. In addition,

the in vitro reaction required RF-C, PCNA, pol ε and DNA lig 1 for repair synthesis

(Aboussekhra et al., 1995). Although this represents the minimal number of proteins

to perform NER on naked DNA in vitro, additional factors are required for in vivo

NER on chromatinized DNA templates. The main characteristics of the mammalian

NER factors will be summarized in this section. Special attention will be paid to our

understanding of NER in vivo and recent insights into the dynamic properties of core

repair factors will be integrated into a model for the NER reaction in the living cell

(Essers et al., 2005; Hoogstraten et al., 2002; Houtsmuller et al., 1999; Luijsterburg et

al., 2007; Moné et al., 2004; Rademakers et al., 2003; van den Boom et al., 2004;

Volker et al., 2001; Zotter et al., 2006). Finally, we will consider which chromatin

remodelling events might be required to facilitate NER in living cells.

Damage recognition in GGR: XPC and DDB2

Global genome repair (GGR) in mammalian cells is initiated by XPC, which forms a

complex with HR23B (the human homologue of RAD23) and CEN2 (Araki et al.,

2001; Masutani et al., 1994; Sugasawa et al., 1998; Volker et al., 2001). Recruitment

of NER proteins TFIIH, XPA, XPG and ERCC1-XPF to sites of UV-induced DNA

lesions is abolished in XP-C deficient cells, demonstrating that in vivo GGR complex

assembly is strictly XPC-dependent (Volker et al., 2001). Rather than binding to lesions

directly, XPC binds to the accessible non-damaged DNA opposite to a DNA injury,

which allows the recognition of a broad spectrum of lesions that are structurally

unrelated (see Fig 3) (Sugasawa and Hanaoka, 2007). Recently, it was demonstrated

that two aromatic residues in the evolutionary conserved part of the XPC polypeptide

(Trp 690 and Phe 733) mediate an aversion to associate with damaged nucleotides and

a preference to bind single-stranded DNA regions, driving preferential recruitment of

XPC to DNA lesions (Buterin et al., 2005; Maillard et al., 2007). Interestingly, similar

ssDNA-binding motifs are found in RPAand BRCA2/FANCD1 (Maillard et al., 2007).

The crystal-structure of the yeast XPC homologue RAD4 bound to DNA containing a

single CPD indeed confirms that damage recognition is mediated by binding to non-

damaged DNA opposite to a lesion (Min and Pavletich, 2007). The role of HR23B
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appears to be stabilization of the XPC protein and loss of both HR23A and HR23B

results in a decrease in cellular XPC levels (Ng et al., 2003). Live cell FRET

measurements suggest that HR23B dissociates when XPC binds to damaged DNA,

indicating that HR23B is not directly involved in repair (S. Bergink, unpublished). The

precise role of CEN2 during NER is still unclear but it appears that CEN2 considerably

stimulates XPC (Nishi et al., 2005). Mobility studies on GFP-tagged XPC suggest that

the majority of XPC molecules (>90%) transiently interact non-specifically with

genomic DNA (Hoogstraten, 2003; Politi et al., 2005). It is unclear whether this low

affinity binding to genomic DNAcontributes to the detection of lesion in the genome.

Although XPC has a high affinity for 6-4 PPs, its binding to CPDs is rather inefficient

and efficient recognition and repair of CPDs requires the damaged-DNA binding

protein 2 (DDB2) (Tang et al., 2000). Moreover, DDB2 significantly stimulates the

repair of 6-4 PPs particularly at low UV doses (Hwang et al., 1999; Moser et al., 2005;

Tang et al., 2000). Mutations in DDB2 cause the XP-E phenotype and cells from these

patients (as well as rodent cells that also lack functional DDB2) are deficient in CPD

repair (Nichols et al., 2000; Rapic-Otrin et al., 2003). DDB2 contains WD40 repeats

and is incorporated into a functional CUL4A-based E3 ubiquitin ligase through its

interaction with DDB1 (Groisman et al., 2003; He et al., 2006). Live cell imaging

revealed that DDB2, CUL4A and DDB1 are rapidly recruited to UV-lesions with

similar association kinetics (Chapter 4) (Luijsterburg et al., 2007). Moreover, DDB2

was shown to associate with and dissociate from UV-induced lesions independently of

XPC and it was demonstrated that binding to lesions depends on the Arg 273 residue,

which is located within theWD40 domain (Chapter 4) (Luijsterburg et al., 2007). The

E3 ubiquitin ligase activity of the DDB2 complex is transiently activated by UV

irradiation and is specifically directed to chromatin at damaged sites (Groisman et al.,

2003). Several substrates for ubiquitylation were identified, including XPC, DDB2

itself and histones H2A, H3 and H4 (Groisman et al., 2003; Kapetanaki et al., 2006;

Sugasawa et al., 2005; Wang et al., 2006a). The ubiquitylation of XPC increases its

affinity for DNA (both damaged and non-damaged) whereas ubiquitylated DDB2 is

targeted for degradation (Rapic-Otrin et al., 2002; Sugasawa et al., 2005). Besides

ubiquitylation, XPC was recently demonstrated to be modified by SUMO in an XPA-

dependent manner, which was suggested to stabilize XPC (Wang et al., 2005). The

ubiquitylation of H3 and H4 by the DDB2 complex was shown to weaken the

interaction between histones and DNA thereby facilitating access to repair proteins in

chromatin (Wang et al., 2006a). Indeed, knock-down of DDB2, CUL4A or DDB1

interferes with lesion recognition by XPC in vivo (El-Mahdy et al., 2006; Li et al.,

2006). Ubiquitylation of H2Aby the DDB2 complex is still under debate since different

laboratories have reported conflicting results (Bergink et al., 2006; Kapetanaki et al.,

2006; Wang et al., 2006a). The precise interaction between XPC and DDB2 at DNA

lesions is still unclear. Live cell imaging suggests that the bulk of DDB2 interacts with

lesions independently of XPC and that there is little interaction between the two
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recognition proteins in vivo (Chapter 4) (Luijsterburg et al., 2007). On the other hand,

XPC and DDB2 were shown to interact in solution and the DDB2-mediated

ubiquitylation of XPC suggests a direct although most likely transient interaction in

vivo (Sugasawa, 2006; Sugasawa et al., 2005). Both possibilities are not mutually

exclusive and eventually it is a matter of quantity. The cellular levels and the fraction

of DDB2 molecules that binds to UV-lesions are significantly higher than those of

XPC, suggesting that many more DDB2 molecules are bound to chromatin than XPC

molecules after UV irradiation (Araujo et al., 2001; Hoogstraten, 2003; Keeney et al.,

1993; Luijsterburg et al., 2007). However, this does not exclude the possibility that

both damage sensors directly interact at some possibly poorly recognized lesions. A

recent study revealed that XPC in which Trp 690 was substituted for Ser failed to

accumulate at sites of UV-lesions in similar amounts as wild-type XPC (Yasuda et al.,

2007). Surprisingly, a small fraction of this mutant XPC polypeptide did accumulate

upon UV irradiation in a DDB2-dependent manner (Yasuda et al., 2007). Conversely,

live-cell imaging of GFP-tagged XPC (with a Trp 690 to Ser mutation) did not reveal

any immobilization of the mutated XPC protein upon UV irradiation (Hoogstraten et

al. Submitted). Thus, the precise interplay between these two damage-recognition

proteins and the mechanism underlying lesion detection in chromatin remains to be

elucidated.

Damage recognition in TCR: RNAPII, CSA and CSB

The two NER pathways GGR and TCR differ in the way lesions are detected providing

an explanation why XPC is dispensable for TCR. However, it is believed that TCR

and GGR funnel into a common molecular mechanism that involves the core NER

proteins TFIIH, RPA, XPG, XPA and ERCC1-XPF once lesions have been detected.

The contribution of TCR to the total cellular NER activity following UV irradiation is

~1%, which explains why TCR-specific accumulation of NER proteins (for example

XPA binding in XP-C cells) can not be detected in intact cells but requires more

sensitive techniques such as chromatin immunoprecipitation (Fousteri et al., 2006;

Rademakers et al., 2003; Volker et al., 2001). During transcription elongation, RNA

polymerase II is stalled at a variety of lesions that efficiently block translocation along

the DNA (Brueckner and Cramer, 2007; Brueckner et al., 2007; Cline et al., 2004).

The arrest of RNAPII at lesions is the molecular basis for damage recognition during

TCR (Laine and Egly, 2006). The CSA and CSB proteins are TCR-dedicated repair

factors and the interplay between these factors was recently elucidated (Fousteri et al.,

2006; Groisman et al., 2006). CSB is anATP-dependent chromatin remodelling factor

of the SWI2/SNF2 family that interacts with histones and remodels nucleosomes

(Citterio et al., 2000). Recruitment of CSB to lesions is mediated by a direct interaction

with lesion-stalled hyperphosporylated RNAPII (RNAPIIo), which is not displaced

during TCR complex assembly (Fousteri et al., 2006; van den Boom et al., 2004). Upon

binding to stalled RNAPIIo, CSB functions as a coupling-factor that mediates the
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recruitment of subsequent repair factors TFIIH, XPG, RPAand ERCC1-XPF (Fousteri

et al., 2006). Live cell imaging revealed that GFP-tagged CSB transiently interacts

with the transcription machinery and that the presence of DNA damage stabilizes this

interaction suggesting that CSB monitors the progression of transcription elongation

by continuously probing elongation complexes (van den Boom et al., 2004). The CSA

protein contains WD40 repeats and is part of a CUL4A-based E3 ubiquitin ligase

(through interaction with DDB1) that has a similar complex composition as the DDB2

containing E3 ligase (Groisman et al., 2003; He et al., 2006). Recruitment of CSA is

CSB-dependent and results in the ubiquitylation and degradation of CSB by the

proteosome system (Fousteri et al., 2006; Groisman et al., 2006). The break-down of

CSB is a rather late event (~3 hrs) during TCR and was shown to be important for the

recovery of transcription following UV irradiation. Although CSA is dispensable for

the recruitment of pre-incision proteins such as the nucleases XPG and ERCC1-XPF,

it is required to recruit repair synthesis factors like PCNA, RFC and pol δ (M. Fousteri,

unpublished). This raises the question whether dual incision takes place in CS-A cells.

The interaction between the two CS proteins is generally thought to be very transient

and GFP-tagged CSA protein is not detected at sites of UV-induced DNA damage,

whereas GFP-CSB does accumulate after UV irradiation (V. van den Boom,

unpublished) (Licht et al., 2003; van den Boom et al., 2004). The rate at which TCR

removes lesions from actively transcribed genes (e.g. the DHFR gene) is generally

higher than that at which GGR performs repair and TCR is therefore considered to be

faster than GGR (Bohr et al., 1985; Mellon et al., 1987). At the cellular level, TCR

appears to be slower than the bulk of GGR since participation of GFP-CSB can be

detected up to 16 hrs after UV irradiation, which is considerably longer than the time

core NER factors such as XPC and XPA are immobilized following irradiation

(Chapter 6). The explanation for this paradox is that TCR removes 6-4 PPs and CPDs

with equal efficiencies from transcribed genes whereas GGR mainly removes 6-4 PPs

from the genome since CPDs are poorly recognized (van Hoffen et al., 1995). Thus,

the long (i.e. up to 16 hrs) immobilization of CSB likely reflects the assembly of TCR

complexes at CPDs in genes that are not frequently transcribed.

NER helicase: TFIIH

Upon recognition of lesions by GGR and TCR, the NER reaction funnels into a

common molecular mechanism that involves the recruitment of TFIIH. In GGR, XPC

recruits TFIIH via direct protein-protein interactions, whereas CSB mediates recruit-

ment of TFIIH to TCR complexes (Araujo et al., 2001; Fousteri et al., 2006; Yokoi et

al., 2000). The ten-subunit TFIIH complex, which is composed of a seven-subunit core

(XPB/p89, XPD/p80, TTD/p8, p34, p44, p52, p62) and a three-subunit kinase complex

(Cdk7, cyclin H and MAT1) is ~700 kDa in size and plays key roles in RNAPI and

RNAPII transcription as well as in NER (Drapkin et al., 1994; Giglia-Mari et al., 2004;

Iben et al., 2002). The cyclin-activating kinase (CAK) complex of TFIIH is dispensable
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for in vitro NER but the CAK subunits are recruited to UV-induced lesions in vivo,

suggesting a possible role in NER (Hoogstraten, 2003). The XPB subunit of TFIIH is

an ATP-dependent helicase that mediates unwinding of promoter DNA in a 3’-5’

orientation during transcription initiation (Douziech et al., 2000). Only six families

suffering from XP-B have been described world-wide of which four families display

the XP/CS phenotype and the remaining two either XP or XP/TTD (Oh et al., 2006;

Vermeulen et al., 1994; Weeda et al., 1997b). These families show only a limited

number of mutations in XPB probably reflecting the limited range of alteration in this

vital protein that is compatible with life. The XPD subunit of TFIIH is a 5’-3’ ATP-

dependent helicase that is required for strand separation during NER, which requires

theATPase but not the helicase activity of XPB (Coin et al., 2007;Winkler et al., 2000).

TheATPase activity of XPB is stimulated by p52, whereas the helicase activity of XPD

is activated by p44, illustrating that these subunits are not merely structural components

of TFIIH (Coin et al., 2007). Patients with XP-D are more frequent than XP-B patients

and display clinical characteristics varying from classic XP to XP/CS and XP/TTD. It

is generally thought that the XP phenotype in XP-B and XP-D patients is the result of

defective NER, whereas the CS/TTD characteristics are caused by transcription defects

due to malfunctioning TFIIH (Coin et al., 1999; Dubaele et al., 2003). Open complex

formation during NER critically depends on functional TFIIH and it appears that a

two-step mechanism is employed in which TFIIH mediates the initial opening (8-10

nucleotides) after which RPA, XPA and XPG bind to obtain full opening of ~30

nucleotides around the lesion (see Fig 3) (Evans et al., 1997a; Evans et al., 1997b; Mu

et al., 1997). In the presence of lesions, XPAspecifically stimulates theATPase activity

of TFIIH whilst RPA and XPG stabilize the partially unwound repair intermediate

thereby contributing to full opening around the lesion (Evans et al., 1997b; Winkler et

al., 2001). Live cell imaging of GFP-tagged XPB, which is incorporated into functional

TFIIH complexes revealed that TFIIH dynamically shuttles between RNAPI and

RNAPII transcription and NER (Hoogstraten et al., 2002). Mobility measurements

showed that TFIIH is transiently involved in RNAPI (2-10s) and RNAPII (~25s)

transcription and shuttles between transcription and NER where it is immobilized for

maximally ~4 min (Hoogstraten et al., 2002). The involvement of TFIIH in NER did

not affect its engagement in transcription showing that NER does not affect

transcription in trans (Hoogstraten et al., 2002; Moné et al., 2001). Interestingly,

analysis of GFP-tagged TTDA in living cells revealed a dynamic interaction between

TFIIH and TTDA, which is stabilized by the presence of bona fide NER lesions

(Giglia-Mari et al., 2006). Introduction of lesions that trigger an abortive NER response

(such as photo-activation of intercalated actinomycin D) did cause accumulation of

XPC and TFIIH but failed to stabilize the interaction between TFIIH and TTDA,

possibly reflecting a kinetic proofreading mechanism to gain higher substrate

specificity during NER (Giglia-Mari et al., 2006). Both biochemical and in vivo data

reveal that TTDA is a NER-dedicated subunit of TFIIH that stimulates the ATPase
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activity of XPB, which is essential for open complex formation. The stimulation of

theATPase activity of XPB by TTDA is probably mediated through the p52 subunit of

TFIIH that interacts with both TTDA and XPB (Coin et al., 2007). In addition, TTDA

is essential to maintain the cellular concentration of TFIIH suggesting that this small

subunit (8kDa) is required for stabilization of the ~700 kDa TFIIH complex (Coin et

al., 2006; Vermeulen et al., 2000).

RPA and XPA: a dual probe sensor to detect structural DNA alterations

Replication proteinA (RPA) is an abundant single-stranded DNA-binding protein that

plays key roles in replication, recombination and several DNA repair pathways in

mammalian cells (Fanning et al., 2006; Wold, 1997). RPA consist of three subunits

(RPA70, 32 and 14) and its affinity for ssDNA is ~3 orders of magnitude higher than

the affinity for dsDNA (Kim et al., 1992). RPAcontains four ssDNA-binding domains,

three of which are present in RPA70 (tethered to each other through flexible linkers)

and the fourth is found in RPA32 (Fanning et al., 2006). Two modes of binding have

been identified; RPA associates with a minimal region of ~10 nucleotides and then

elongates to cover an optimal region of ~30 nucleotides (Blackwell and Borowiec,

1994; Kim et al., 1992). The latter mode of binding is ~100-fold more stable and the

two-step binding of RPA probably underlies its capacity to unwind DNA (Blackwell

and Borowiec, 1994). The tethering of several weak ssDNA-bindings domains results

in cooperative association of RPA to ssDNA and increases its overall affinity for

ssDNA with ~2 orders of magnitude (Arunkumar et al., 2003). During NER, RPA

associates with the undamaged DNA strand and is indispensable for open complex

formation, suggesting that RPA binds to a partially unwound structure that is opened

by TFIIH (~8-10 nucleotides) after which it elongates to bind to a ~30 nucleotideregion

acting as a wedge to separate the DNA strands around a lesion (de Laat et al., 1998b;

Evans et al., 1997b; Hermanson-Miller and Turchi, 2002; Mu et al., 1997). RPA

interacts with several core NER proteins, including XPA, XPG and ERCC1-XPF and

the incision activity of both NER endonucleases is significantly stimulates by RPA (de

Laat et al., 1998b; He et al., 1995; Matsunaga et al., 1996). In vitro experiment revealed

that RPA binds to damaged DNAwith a defined polarity; initial RPA binding to 8-10

nucleotides occurs at the 5’ side of the lesion after which RPA stretches along the DNA

in the 3’ direction (de Laat et al., 1998b; Kolpashchikov et al., 2001). This defined

DNA-binding polarity of RPA correctly positions the NER enodnuclease XPG and

ERCC1-XPF on the DNA. The 3’-oriented side of RPA specifically interacts with and

stimulates the 5’ incision by endonuclease ERCC1-XPF at the ssDNA-dsDNA junction

without interacting with XPG. Conversely, the 5’-oriented side of RPAmediates stable

binding of 3’ endonuclease XPG but inhibits ERCC1-XPF incisions (see Fig 3) (de

Laat et al., 1998b; He et al., 1995; Matsunaga et al., 1996). However, binding of XPG

to RPA is not sufficient to stimulate the 3’ incision (de Laat et al., 1998b). It was

previously suggested that RPA and XPA form a stable complex in cell nuclei, but
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measurements on GFP-tagged XPA protein argue against this notion (He et al., 1995;

Matsunaga et al., 1996; Rademakers et al., 2003). Moreover, the binding of RPA to

UV lesion in intact cells was shown to be independent of XPA, suggesting that RPA-

XPA inter-actions only occur on damaged DNA (Rademakers et al., 2003). In contrast,

recent ChIP experiments revealed co-precipitation of RPAwith XPA in non-damaged

cells (Moser et al., 2007), suggesting that XPA and RPA transiently interact in cell

nuclei. Besides the pre-incision stage of NER, RPAalso plays a crucial role in the DNA

repair synthesis step that requires RF-C, PCNA and DNA pol ε in vitro (Shivji et al.,

1995). Analysis of the assembly and disassembly of repair proteins on immobilized

damaged-DNA templates in vitro revealed that RPA remains bound after dual incision

and initiates the assembly of DNAsynthesis factors such as PCNA (Riedl et al., 2003).

This notion is supported by recent in vivo experiments demonstrating that RPA

redistribution upon UV irradiation is significantly slowed down in the presence of

DNA synthesis inhibitors reflecting a role in DNA repair synthesis (J. Moser,

unpublished). Cells expressing GFP-tagged RPA34 have been established and it would

be of particular interest to study the kinetics of RPA involvement in NER (Solomon et

al., 2004). XPA is a small (36 kDa) DNA-binding zinc metalloprotein that has a central

role in NER complex assembly and is essential for GGR and TCR. Although XPA

originally was proposed to be the initial damage recognition protein, it is now well

established that GGR is initiated by XPC (Sugasawa et al., 1998; Volker et al., 2001;

Wakasugi and Sancar, 1999). In agreement, live-cell imaging revealed that recruitment

of GFP-tagged XPA is strictly XPC-dependent (Rademakers et al., 2003). Evidence

for dimerization of XPAhas been presented but it is at present unclear if XPAassociates

with repair complexes as a monomer or a dimer (Yang et al., 2002). The N-terminus

of XPA (residues 1-97) binds to RPA34 and ERCC1, whereas the C-terminus interacts

with TFIIH (residues 226-273) (Li et al., 1995a; Park et al., 1995). The central XPA

domain contains the minimal DNA binding domain (residues 98-219) and interacts

with RPA70 (Ikegami et al., 1998; Kuraoka et al., 1996; Li et al., 1995a). These many

interactions with other core NER proteins suggest a central role for XPA in NER

complex assembly. Structural analysis revealed that XPA binds preferentially to bent

DNA duplexes, which is characteristic of an architectural protein and not consistent

with a direct participation in damage recognition (Camenisch et al., 2006; Camenisch

et al., 2007). The DNA binding domain of XPA consist of a concave surface that

contains seven positively charged residues (mainly lysines) that interact with the

negatively charged DNAbackbone by electrostatic interactions (Buchko et al., 1998).

Sharply bent DNA has an increased negative electrostatic potential caused by the

shortened distance between adjacent phosphate residues, which drives association of

XPA to kinked DNA duplexes (Camenisch et al., 2007). Interestingly, both XPC and

DDB2 were show to introduce kinks in the DNA upon binding thereby providing a

bent substrate for XPA (Fujiwara et al., 1999; Janicijevic et al., 2003). The binding of

XPA to damaged DNA is greatly enhanced by RPA and the interaction between RPA,
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which is bound to the undamaged strand and XPA that associates with the kinked DNA

duplex allows the simultaneous detection of base-pair and backbone distortions

contributing to the lesion specificity of NER (Missura et al., 2001; Wang et al., 2000).

In this way, the XPA-RPA complex forms a composite sensor that can detect the two

major structural alterations of DNA lesions (i.e. partial unwinding and DNAbending)

at the same time reflecting a damage verification step before dual incision. In addition,

XPA was shown to inhibit DNA unwinding by RPA possibly to avoid excessive

opening of the DNAaround the lesion (Missura et al., 2001; Patrick and Turchi, 2002).

Cells deficient in XPA are completely devoid of incision activity, suggesting that XPA

plays an important role in incision coordination. The recruitment of 5’ endonuclease

ERCC1-XPF to NER complexes is mediated by a small stretch of consecutive glycine

residues in XPA that bind a V-shaped hydrophobic groove in the central domain of

ERCC1, providing an explanation for the lack of 5’ incisions in XP-A cells (Li et al.,

1995b; Tsodikov et al., 2007; Volker et al., 2001). Although XPG recruitment was

suggested to depend on XPA in vitro, XPG is recruited to UV lesions in XPA-deficient

cells demonstrating that XPA is not required for XPG association in vivo (Riedl et al.,

2003; Volker et al., 2001). However, incision by XPG depends on XPA since XP-A

cells are devoid of 3’ incisions (Evans et al., 1997a). Activation of dual incision by

XPA is likely to be mediated through the XPA-dependent and lesion-specific

stimulation of ATP hydrolysis by the TFIIH helicase subunits, which is essential for

dual incision (Mu et al., 1996; Winkler et al., 2001).

Dual incision: XPG and ERCC1-XPF

The XPG protein is a 133 kDa structure-specific endonuclease of the FEN1 family

that mediates the 3’ incision during NER (O'Donovan et al., 1994a). XPG specifically

incises DNA at the 3’ side of the junction between single-stranded DNA and double-

stranded DNA (Hohl et al., 2003; O'Donovan et al., 1994a; O'Donovan et al., 1994b).

During NER, XPG cleaves the damage-containing strand about 2-8 nucleotides from

the 3’ side of the lesion. Like FEN1, XPG contains two highly conserved N- and I-

nuclease motifs (amino acids 1-95 and 766-873, respectively) that juxtapose and form

the catalytically active core of the protein (Constantinou et al., 1999). The N- and I-

regions of XPG are separated by a region of ~600 amino acids (designated as the spacer

region; residues 95 - 766) that does not contain any structural motifs (Scherly et al.,

1993). XPG has several interactions with RPA and TFIIH (XPB, XPD, p62 and p44)

and the N-terminal part of the spacer region was demonstrated to mediate the recruit-

ment of XPG to repair complexes (Dunand-Sauthier et al., 2005; Iyer et al., 1996;

Thorel et al., 2004). In a complementary study, the recruitment of XPG was shown to

depend on functional TFIIH, suggesting that TFIIH recruits XPG to NER complexes

through its spacer region (Chapter 4) (Zotter et al., 2006). Moreover, the association

of XPG-GFP in living cells was ~3-fold slower at 27°C than at 37°C in contrast to the

association kinetics of XPC and TFIIH, which were not affected at lower temperature
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(Moné et al., 2004; Zotter et al., 2006). Similarly, the recruitment of ERCC1-XPF was

also slowed down at lower temperature, suggesting that the association of both endo-

nucleases is influenced by an enzymatic reaction, possibly unwinding of the DNA

around a lesion that requires TFIIH (Chapter 4) (Moné et al., 2004; Zotter et al., 2006).

Interestingly, several TFIIH mutants that are defective in open complex formation

displayed slower binding of ERCC1-XPF and XPG, suggesting that binding of XPG

and ERCC1-XPF requires a partially unwound repair intermediate but that recruitment

of the endonucleases as such does not depend on open complex formation (Oh et al.,

2007; Zotter et al., 2006). Besides its catalytic function, XPG also has a structural role

in NER since the 5’ incision requires the presence of XPG even if catalytically inactive

(Wakasugi et al., 1997). Some XP-G individuals that produce severely truncated XPG

proteins display symptoms of CS, suggesting that XPG has an additional function in

transcription (Lalle et al., 2002). In support of this notion, it was recently suggested that

XPG and TFIIH form a stable complex in cells and mutations in XPG that abolish the

interaction between the two protein complexes were shown to cause dissociation of the

CAK complex and XPD from the TFIIH core complex (Araujo et al., 2001; Ito et al.,

2007). Loss of CAK from TFIIH subsequently results in defective phosphorylation

and transactivation of transcription factors, such as estrogen receptor α (Chen et al.,

2000; Ito et al., 2007). Thus, XPG is required for stabilization of TFIIH, providing an

explanation for how defects in XPG can cause a transcription syndrome such as

Cockayne syndrome (Friedberg and Wood, 2007). In addition, XPG was suggested to

bind stalled RNAPII in cooperation with CSB, which was suggested to be important

for initiation of TCR (Sarker et al., 2005). Although it is possible that transient

interactions with XPG stabilize TFIIH, live cell imaging shows that XPG and TFIIH

are distinct complexes in vivo based on the following observations: i) The mobility of

TFIIH-GFP is temperature sensitive consistent with a role in transcription, whereas

XPG-GFP mobility is temperature insensitive, ii) transcription inhibitors such as 5,6-

dichloro-1-D-ribofuranosyl benzimid azole (DRB) severely slow down the mobility of

TFIIH-GFPwhile that of XPG-GFP is not affected and iii) the kinetics of incorporation

of these two proteins into the NER complex are different (t1/2 of 110s for TFIIH and

200s for XPG), demonstrating that XPG and TFIIH are indeed distinct protein

complexes in vivo and only interact on damaged DNA (Chapter 4) (Hoogstraten et al.,

2002; Zotter et al., 2006). A direct interaction was found between XPG and PCNA,

which could possibly reflect a mechanistic linkage between the incision and repair

synthesis stage of NER (Gary et al., 1997). However, XPG associates with DNA at

the 3’ side of the lesion, while loading of DNA pol δ/ε by PCNA occurs at the 5’ side

of the lesion (i.e. where ERCC1-XPF is bound), thus it appears that PCNA and XPG

operate on opposite side of the repair patch.

The second NER endonuclease is a hetereodimer that consists of ERCC1 (33 kDa)

and XPF (103 kDa), which cleaves DNA at the 5’ side of the junction between single-
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stranded and double-stranded DNA. During NER, ERCC1-XPF incises the DNA

between 15-24 nucleotides away from the 5’ side of the lesion (de Laat et al., 1998a;

Matsunaga et al., 1995; Sijbers et al., 1996a). Although the XPF subunit contains the

nuclease domain that cleaves the DNA, ERCC1 is indispensable for nuclease activity.

The ERCC1 and XPF proteins share significant structural similarities and were

suggested to have a common origin (Gaillard andWood, 2001). In contrast to XPF, the

ERCC1 polypeptide contains an inactivate nuclease domain and is incapable of

cleaving DNA (Gaillard and Wood, 2001). The stability of both ERCC1 and XPF

depends on complex formation, suggesting that these proteins stabilize each other in

cells (Sijbers et al., 1996b; Yagi et al., 1997). Stable ERCC1-XPF complex formation

depends on the C-termini of ERCC1 (residues 224-297) and XPF (residues 814-905)

that form a double helix-hairpin-helix (HhH) motif and the ERCC1 HhH-motif only

folds properly in the presence of XPF (de Laat et al., 1998c; Tripsianes et al., 2005).

The HhH-motif of ERCC1 is involved in binding to ssDNA and its recruitment to

repair complexes is mediated via specific interactions with a small region of XPA that

binds a V-shaped hydrophobic groove in the central domain of ERCC1 containing

mainly basic and aromatic residues (Tsodikov et al., 2005; Tsodikov et al., 2007).

Evidence has been presented that the unstructured ERCC1-binding domain and the

DNA-binding domain of XPA associate, rendering the ERCC1-binding domain

unavailable for XPA-ERCC1 interactions. Binding of XPA to DNA lesions disrupts

this intra-molecular interaction and triggers binding of ERCC1 to XPA, providing a

structural basis for the damage-specific association between these two repair proteins

(Buchko et al., 2001). Unlike, XPG, ERCC1-XPF does not appear to have an

architectural role in NER complex assembly since it is dispensable for full open

complex formation and appears to be required only for its catalytic activity (Evans et

al., 1997b). The incision activity of ERCC1-XPF is stimulated by direct interactions

with RPAand phosphorylation of a serine residue in XPB (S751) was shown to prevent

ERCC1-XPF-mediated incision (Coin et al., 2004; de Laat et al., 1998b). Thus, it

appears that de-phosphorylation of XPB S751 is required to incise 5’ of the lesion,

reflecting an additional role for TFIIH in incision coordination (Coin et al., 2004). The

two incisions during NER appear to be coupled. The 5’ incision by ERCC1-XPF

follows the XPG-mediated 3’ incision resulting in excision of a single-stranded DNA

fragment containing the lesion (Mu et al., 1996). ERCC1 is generally assumed to be

the last factor to join the repair complex based on the in vitro finding that ERCC1-

XPF can be added to a preformed incision complex containing all other factors to make

the 5’ incision (Evans et al., 1997b; Mu et al., 1996; Mu et al., 1997). Interestingly, the

in vivo binding rates of ERCC1-GFP and TFIIH-GFP are similar showing that pre-

incision factors bind to the nascent NER complex with almost the same rate (Moné et

al., 2004). Moreover, inefficient ERCC1-XPF recruitment is observed in several NER

deficient cell lines raising doubts about whether there really is a strict order of NER

factor assembly (Oh et al., 2007). Besides in NER, ERCC1-XPF is involved in several
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other processes such as homologous recombination, repair of interstrand cross-links

and telomere maintenance (Niedernhofer et al., 2004; Sargent et al., 2000; Sargent et

al., 1997; Zhu et al., 2003). This explains why ERCC1- and XPF-deficient cells are

highly sensitive to crosslinking agents in contrast to other NER-deficient cells (Larmi-

nat and Bohr, 1994; Li et al., 1999). In agreement, inactivation of ERCC1 or XPF in

mice results in a more severe phenotype compared to other NER-deficient mice, which

involves sensitivity to UV, developmental delay and early death (Friedberg and Meira,

2006; Tian et al., 2004; Weeda et al., 1997a). The only ERCC1-deficient patient

described to date displayed a dramatic phenotype reminiscent of ERCC1- deficient

mice and died at the age of 13 months (Jaspers et al., 2007). Some XP-F individuals

(mainly Japanese) have been described, which displayed a relatively mild phenotype

compared to XPF-deficient mice. The lack of developmental problems in these patients

was attributed to considerable residual XPF activity (Sijbers et al., 1996a; Sijbers et al.,

1998). A unique XP-F patient with a severe phenotype reminiscent of ERCC1- and

XPF-deficient mice was recently described displaying signs of accelerated aging

(progeria-like syndrome) and sensitivity to crosslinking agents (Niedernhofer et al.,

2006).

Repair synthesis machinery: RPA, RF-C, PCNA, DNA pol δ/ε and DNA Ligase III

During NER, dual incision is followed by repair synthesis in which the generated

ssDNA gap is filled in by replication proteins. The dual incision and repair synthesis

stages of NER can be separated in vitro and the only shared factor appears to be RPA.

Consistent with this notion, isolation of repair intermediates in vitro showed that RPA

remains associated with the excised DNA upon dual incision (Riedl et al., 2003). In

addition to RPA, repair synthesis requires RF-C, PCNA, pol ε and Lig I in vitro

(Aboussekhra et al., 1995; Shivji et al., 1992; Shivji et al., 1995). Indeed, both

endogenous and GFP-tagged RF-C and PCNA accumulate after UV irradiation in

living cells, which is consistent with repair synthesis by DNApol δ/ε (R. Overmeer &

A. Gourdin, unpublished; Essers et al., 2005; Moser et al., 2007). PCNA is a homotri-

meric sliding clamp that encircles the DNAand acts as a processivity factor for pol δ/ε

by tethering these enzymes to the DNA (Maga and Hubscher, 2003; Podust et al.,

1998). The ATP-dependent binding of PCNA is mediated by the clamp loader RF-C.

Binding of both protein complexes requires dual incision, which is consistent with the

idea that a free 3’-OH group (that is formed upon ERCC1-XPF incision) is required for

binding of PCNA to DNA (Balajee et al., 1998; Essers et al., 2005). In fact, binding of

PCNA and subsequent repair synthesis is observed in XP-G cells in which a

catalytically inactive XPG protein is expressed that allows uncoupled 5’ incisions by

ERCC1-XPF. This demonstrates that a free 5’-end is sufficient to initiate repair

synthesis (WimVermeulen, personal communication). The dissociation of GFP-PCNA

is significantly delayed in the presence of DNA synthesis inhibitors consistent with a

role in repair synthesis (Chapter 6). Interestingly, we provide evidence in chapter 6
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that the binding GFP-XPA, but not XPC-GFP or ERCC1-GFP is stabilized by the pre-

sence of repair synthesis, suggesting that XPA remains associated with RPA during

this late stage of NER (Chapter 6). In agreement, chromatin immuno-precipitation

experiments using antibodies against repair synthesis factors also pulled down XPA,

but not XPC or TFIIH, supporting a role for XPA in repair synthesis (L. Mullenders,

personal communication) (Moser et al., 2007). Recent in vivo experiments showed

that predominantly DNA pol δ but not pol β is recruited to repair patches upon UV

irradiation in replicating and quiescent cells (Moser et al., 2007). The final step in NER

is the ligation of the 5’ end of the newly synthesized DNA to the original sequence.

Although Lig I is sufficient for sealing nicks during in vitro repair synthesis, recent in

vivo studies revealed that the dominant ligase involved in NER is XRCC1-Lig IIIα,

which is essential for removal of lesions and rejoining of nicks in chromosomal DNA

(Moser et al., 2007). In addition to XRCC1-Lig III, recruitment of Lig I together with

pol ε is also observed in replicating cells that are in late G1 or S phase (Moser et al.,

2007). These findings reveal that during the cell cycle, cells have differential

requirements of ligases and polymerases in repair synthesis.

Assembly and disassembly of repair complexes: a model for GGR

In the following section we propose a model for global genome repair based on the

characteristics of the repair proteins described above.

Damage recognition
UV-induced DNA lesions are recognized by the XPC complex in global genome repair

(Sugasawa et al., 1998; Volker et al., 2001). It is thought that a significant fraction

(~90%) of the XPC protein pool continuously associates with and dissociates from

chromatin non-specifically (Hoogstraten et al., 2003). It is unclear if this low affinity

binding to DNAcontributes to the detection of helix distorting lesions. Two conserved

aromatic residues in the XPC polypeptide confer an aversion for damaged-DNA and

an ssDNAbinding domain targets XPC to the undamaged strand (Maillard et al., 2007).

The binding of XPC result in slight opening of the DNA surrounding a lesion (~6 nt)

(Tapias et al., 2004), which facilitates the binding of subsequent factors. In fact, locally

pre-melted lesions are efficiently repaired without the need for XPC suggesting that the

main function of this protein is to increase the single-strandedness of a DNA injury (Mu

et al., 1997). Besides XPC, mammalian cells encode a second damage-recognition

protein: DDB2, which is dispensable for in vitro reconstituted NER (Aboussekhra et

al., 1995). However, DDB2 is essential for CPD repair in cells and considerable

accelerates the repair of 6-4 PPs at low UV fluencies and is likely to mediate repair in

a chromatin context (Hwang et al., 1999; Moser et al., 2005). We proposed that DDB2

creates a local chromatin environment around lesions that facilitates the assembly of

repair complexes (Luijsterburg et al., 2007). In support of this idea, it was demonstrated

that DDB2 mediates the ubiquitylation of histones H3 and H4 resulting in
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destabilization of nucleosomes (Wang et al., 2006a). Moreover, the interaction between

DDB2 and the p300 acetyltransfersase might also contribute to more efficient repair

in chromatin (Datta et al., 2001). In addition to facilitation of repair by modifying

chromatin, it was also suggested that DDB2 directly recruits XPC to lesions via

protein-protein interactions (Sugasawa et al., 2005; Yasuda et al., 2007). It is likely

that several other chromatin-modifying activities are involved in repair. These will be

discussed in the last section.

Open complex formation
Upon lesion recognition, TFIIH binds to damaged DNA via an interaction with XPC

(Yokoi et al., 2000). It can not be excluded that RPA binds before or together with

TFIIH since accumulation of RPA is observed in XP-B/CS cells (Rademakers et al.,

2003). It might be that the small ssDNA bubble created by XPC is sufficient for RPA

binding. TFIIH contains theATP-dependent XPD helicase that unwinds a stretch of ~10

nucleotides following stimulation by XPB (Coin et al., 2007). In addition to TFIIH

and XPC, full opening of ~30 nucleotides requires RPA and XPA and it appears that

XPG but not ERCC1-XPF stabilizes opened pre-incision complexes (Evans et al.,

1997b). In addition to its helicase activity, TFIIH appears to have a structural role in

NER complex formation (Mu and Sancar, 1997; Mu et al., 1997). XPA and TTDA

stimulate theATPase activity of TFIIH in the presence of lesions, which is required for

full opening around the lesion (Coin et al., 2006; Giglia-Mari et al., 2006; Winkler et

al., 2001). The open complex is formed asymmetrically around an injury with the 3’

border closer to the lesions (2-8 nucleotides) than the 5’ border (12-24 nucleotides)

(Evans et al., 1997b). RPAbinds to the undamaged strand and correctly positions XPG

at the 3’ side and ERCC1-XPF at the 5’ side (de Laat et al., 1998b). The 5’-oriented side

of RPA contains a strong ssDNA-binding motif and this side of RPA interacts with

XPG bound at the 3’ side of the lesions, which defines the 3’ boundary of the NER

complex ~10 nucleotides from lesion. Subsequently, RPA elongates to bind ~30

nucleotides and its 5’-oriented side interacts with ERCC1-XPF, which defines the 5’

boundary ~20 nucleotides from the lesion. Measurements on the in vivo assembly rates

of XPC-GFP, XPG-GFP and GFP-XPA show that these factors associate with the

nascent repair complex with similar binding rates of about 15-20 molecules/s (Chapter

6). Similarly, TFIIH-GFP and ERCC1-GFP have been shown to have assembly rates

in the same range, suggesting a scenario in which NER complex assembly is very rapid

once XPC associates with a lesion (Moné et al., 2004). It has been suggested that the

XPC dissociation rate increases (~ 3-fold) after helical unwinding by TFIIH or by

binding of XPG to repair complexes in vitro (Riedl et al., 2003; Tapias et al., 2004).

We provide evidence that the XPC dissociation rate is affected by all pre-incision

proteins (TFIIH, XPA, XPG, ERCC1, XPF; Chapter 6), consistent with a scenario in

which XPC remains associated until a full pre-incision complex is assembled or

possibly until dual incision is performed.
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Dual incision
Following full open complex formation, incisions on both sides of the lesion are

catalyzed by the structure-specific endonucleases ERCC1-XPF at the 5’ side and XPG

at the 3’ side. The DNA is incised asymmetrically around the lesion consistent with the

borders of the open complex. The two incisions are closely coupled even though the

XPG-mediated incision precedes incision by ERCC1-XPF (Evans et al., 1997a; Mu et

al., 1996). Cleavage by ERCC1-XPF requires the presence but not the catalytic activity

of XPG, suggesting that XPG has a structural role in creating a suitable substrate for

the 5’ incision (Wakasugi et al., 1997). Incision coordination is regulated by RPA and

TFIIH. The 5’ incision by ERCC1-XPF is stimulated by the 3’ oriented side of RPA

bound to the opposite strand and requires de-phosphorylation of XPB at serine 751,

whereas the 3’XPG-mediated incision is likely to be stimulated by TFIIH (Coin et al.,

2004; de Laat et al., 1998b; Wakasugi et al., 1997). The activity of both nucleases is

inhibited by TFIIH in the absence of ATP, suggesting that ATP hydrolysis is required

to incise the DNA (Winkler et al., 2001). It has been suggested that most pre-incision

factors are released simultaneously following dual incision with the exception of RPA.

However, measurements of the off-rates of repair proteins in vivo suggest non-

simultaneous release for some repair factors. For instance, XPC dissociation (t1/2 ~
25s) is significantly faster than that of XPG (t1/2 ~ 50s) and XPA, whereas XPA (t1/2
~ 75s) is released considerably slower than XPG (Chapter 6) (Luijsterburg et al., 2007;

Rademakers et al., 2003; Zotter et al., 2006). The dissociation kinetics of XPG, TFIIH

and ERCC1 are similar (t1/2 ~ 50s) (Hoogstraten et al., 2002; Luijsterburg et al., 2007;

Zotter et al., 2006). We provide evidence in Chapter 6 that XPA binding is stabilized

by repair synthesis, suggesting that XPA has affinity for a repair intermediate formed

after dual incision. This seems to be supported by ChIP experiments on late repair

factors such as XRCCI (Moser et al., 2007). On the other hand, repair synthesis does

not result in strand displacement beyond the repair patch at the 3’ side. This might be

mediated by the interaction between PCNA and XPG, but could also be coordinated

by RPA (Gary et al., 1997). In vitro evidence indicates that XPG is not released

following dual incision but might require additional factors. Whether this is true in

vivo remains to be elucidated (Riedl et al., 2003).

Repair synthesis
Finally, the repair synthesis factors RF-C, PCNA, RPA and DNA pol δ fill in the

resulting gap, which is subsequently sealed by XRCC1-Lig III (Moser et al., 2007;

Riedl et al., 2003). The dissociation of GFP-PCNAfrom sites of damage is significantly

slower (t1/2 ~ 225s) than that of other repair factors. Moreover, steady-state levels of

bound PCNAare high up to 9 hrs following irradiation when pre-incision proteins such

as XPC or XPA are not detected at repair sites any longer (Chapter 6) (Essers et al.,

2005). This suggests that PCNA has affinity for a repair intermediate to which pre-
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incision proteins do not bind. Similarly, GFP-tagged RPA is also detected at repair

sites up to 9 hrs following irradiation, suggesting it may bind to the same repair inter-

mediate that PCNA binds to (Gourdin and Luijsterburg, unpublished). The nature of

this repair intermediate remains to be elucidated. This raises questions about what

triggers the release of PCNAand other repair synthesis factors following gap-synthesis.

It would be of particular interest to study the dynamics of GFP-tagged repair synthesis

factors (RPA, RF-C) as well as pol δ and Lig III. In addition, ChIP experiments on late

and early factors are very powerful and provide molecular insight into the type of repair

complexes formed during NER in vivo (Fousteri et al., 2006; Moser et al., 2007).

Chromatin remodel-

ling and post-repair

chromatin restoration

A major obstacle for

NER in eukaryotic cells

is the fact that nuclear

DNA is packaged as

chromatin. This has

several implications for

repair. In general,

chromatin is considered

repressive to processes

associated with DNA

and the efficiency of

repair in a chromatin

context is decreased to

about 10% of that on

naked DNA (Hara et al.,

2000; Ura et al., 2001;

Wang et al., 1991). To

overcome this obstacle,

cells employ a number

of chromatin remodel

ing activities to create a

more permissive environment for repair. In addition, following removal of DNA

injuries, cells need to restore the original chromatin structure to maintain the epigenetic

information, which requires additional factors that are recruited to sites of repair. Such

a model in which chromatin rearrangements precede and follow DNA repair itself, has

been put forward as the access-repair-restore model that has proven very useful for

understanding how NER operates on a chromatin template (Green andAlmouzni, 2002;

Smerdon, 1991). In this section, we will analyze which chromatin remodeling activities
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are or might be involved in repair of UV-induced DNA lesions. First, the organization

of chromatin in the cell nucleus is discussed.

Chromatin: from nucleosome to chromatin fiber
The nucleosome is the basic unit of chromatin and consists of ~150 bp of DNA tightly

wrapped around a protein octamer. The octamer, in turn, comprises two of each of the

highly conserved histone proteins H2A, H2B, H3 and H4 that all have a characteristic

histone-fold made up of 3 hydrophobic α-helices (Luger et al., 1997; Sandman and

Reeve, 2006). Two H3-H4 dimers form a tetramer through interactions between the

histone-folds (between H3-H3’) and two H2A-H2B dimers associate with this tetramer

to form an octamer (with interactions between H2B-H4). The histone octamer interact

with DNAby inserting arginine residues into the minor groove every helical turn. One

nucleosome is found approximately every 200 bp of DNA throughout the genome

(Luger et al., 1997). Text books often depict a hierarchical organization of chromatin,

in which nucleosomal arrays coil up to form the 30 nm fiber that is subsequently

stabilized by linker H1 and folded into a higher order structure that eventually generates

interphase chromosomes and finally mitotic chromosomes (Varga-Weisz and Becker,

2006). In reality, however, very little is known about the organization of chromatin

beyond the nucleosomal array, although we are beginning to understand some of its

organizing principles. The emerging view is that chromosomes are confined to discrete

territories (~2 μm in diameter) that show little intermingling with chromatin from

neighboring territories (Cremer and Cremer, 2001). The chromatin fiber within

territories is organized in loops that may be attached at their base to a structural network

of scaffold proteins (Cremer and Cremer, 2001). DNAsequences that bind this nuclear

scaffold as well as specific scaffold-binding proteins have been identified (Cai et al.,

2006; Galande et al., 2007; Nickerson, 2001). Scaffold-binding proteins play an import

role in organizing chromatin loops that have been suggested to be ~100 kb in size that

fold into rosette like-structures of up to several Mb (Galande et al., 2007; Goetze et al.,

2007). One example is SATB1, which is a scaffold-binding protein that folds the MHC

class 1 locus in distinct chromatin loops in T cells. This folding regulates the expression

of cytokine genes from the locus (Cai et al., 2006).The precise nature of the nuclear

scaffold or matrix is highly controversial. Chromatin loops containing active genes

from different positions along the same chromosome or even from different

chromosomes have been suggested to come together in transcription factories (de Laat

and Grosveld, 2007; Fraser and Bickmore, 2007). Each chromosome territory contains

several irregularly-shaped dense chromatin domains that are about 0.1-0.5 μm in size

and are surrounded by inter-chromatin space that contains little or no chromatin. It has

been suggested that the surface of dense chromatin domains constitute a functional

barrier that allows single proteins to but not larger protein complexes above a certain

threshold to pass (Cremer and Cremer, 2001). However, chromatin domains were

shown to be readily accessible to macromolecules in the range of several hundred kDa
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arguing against this notion (Verschure et al., 2003). At the interface between the dense

chromatin domains and the inter-chromatin space is the perichromatin region that

constitutes a shell (~ 80 nm) of partly decondensed chromatin that loops outward into

the inter-chromatin space (Fakan and van Driel, 2007). Interestingly, the major

chromatin-associated processes such as replication and transcription occur

predominantly in the perichromatin region and also polycomb-mediated gene silencing

occurs locally at the periphery of condensed chromatin (Cmarko et al., 1999; Cmarko

et al., 2003; Jaunin et al., 2000). In contrast to replication and transcription, little is

known about the spatial organization of NER in the human interphase nucleus. In

Chapter 5, we provide evidence that the NER proteins XPC and XPA accumulate

specifically in the perichromatin region after UV irradiation, suggesting that this is the

main site of NER complex assembly. In addition, we show that UV-damaged chromatin

undergoes considerable large-scale decondensation and we propose that this facilitates

the relocation of DNA lesions from within dense chromatin domains to the

perichromatin region (Chapter 5). Condensation of UV-damaged chromatin domains

is observed 1 hr after UV irradiation, suggesting a transient decondensation of

chromatin domains after UV irradiation (Chapter 5). Recent studies demonstrated

decondensation of chromatin upon induction of double-strand breaks and UV-induced

DNAdamage, suggesting that chromatin relaxation might be a more general response

to DNA damage (Carrier et al., 1999; Kruhlak et al., 2006; Murga et al., 2007; Rubbi

and Milner, 2003; Ziv et al., 2006). Several mechanisms may contribute to these large-

scale chromatin changes, including covalent modifications of histone tails and

chromatin remodeling by specialized remodeling complexes. These mechanisms will

be discussed below.

Histone modifications and NER
Numerous covalent modifications of core histones have been identified that are tightly

linked to gene activity and repair. These modifications, that are collectively described

as “the histone code”, include acetylation, methylation, phosphorylation and

ubiquitylation (Jenuwein andAllis, 2001; Turner, 2002).Acetylation and ubiquitylation

of histones have both been associated with NER and will be discussed below.Although

phosphorylation of the histone variant H2A.X at S139 (γH2A.X) is generally

considered to be a marker for DSBs, H2A.X is also phosphorylated in response to UV

irradiation (Hanasoge and Ljungman, 2007; Marti et al., 2006). This phosphorylation

is mediated by the ATR kinase and depends on NER if cells are in G1 (Marti et al.,

2006; Stiff et al., 2006). It is likely that γH2A.X has a function in signaling to

checkpoint proteins. Several studies have demonstrated that histones H3 and H4 are

hyper-acetylated in human cells following UV irradiation, resulting in higher repair

rates (Brand et al., 2001; Ramanathan and Smerdon, 1986). Acetylation of histones is

generally associated with a more open and active chromatin structure, for instance

transcriptionally active genes are often acetylated. Enzymes known as histone
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acetyltransferses (HAT), of which p300/CBP and GCN5 are well known examples,

mediate the acetylation of N-terminal histones tails. Histone acetylation is directly

linked to damage recognition in GGR and TCR since p300/CBP directly interacts with

DDB1 and DDB2 and this HAT is recruited to DNA damage by CSB (Datta et al.,

2001; Fousteri et al., 2006; Rapic-Otrin et al., 2002).Another study provided additional

evidence for a role of histone acetylation in repair, by showing that local UV irradiation

caused a p53-dependent global chromatin relaxation mediated by p300 (Rubbi and

Milner, 2003). Interestingly, the TFTC and STAGA protein complexes, which both

have HAT activity (since one of the subunits is GCN5), have been suggested to have

affinity for UV lesions (Brand et al., 2001; Martinez et al., 2001). Both the TFTC and

STAGA complexes contain a DDB1 homologue (called SAP130) and STAGA also

associates with DDB2 (Brand et al., 2001; Martinez et al., 2001). Therefore, it is likely

that binding of both complexes to UV lesions is mediated by DDB2. In addition to

recruiting HATs, DDB2 is part of an E3 ubiquitin (ub) ligase that ubiquitylates histones

H3 and H4 following UV irradiation. This subsequently results in weakened interaction

between histones and DNA, which is likely to facilitate the recruitment of NER

proteins (Wang et al., 2006a). In contrast to H3 and H4 ubiquitylation, conjugation of

H2A (at lysine 119) with ubiquitin is generally associated with a closed and inactive

chromatin state and gene silencing (Jason et al., 2002; Wang et al., 2004). In this

respect, the NER-dependent and ATR-dependent mono-ubiquitylation of H2A at

Lys119 (uH2A), which was shown to be mediated by the Ring2 ub ligase is of

particular interest (Bergink et al., 2006). Although Ring 2 is part of the polycomb-

repressive protein complex 1 (PRC1), it is not known whether Ring2 is recruited to UV

lesion as part of PRC1 or as part of another Ring2-containing complex. Interestingly,

recent ChIP experiments revealed enrichment of tri-methylated H3 at lysine 27

(H3K27Me; L. Mullenders, personal communication) and this histone modification is

recognized by polycomb proteins containing a chromodomain (CD) such as Cbx7 that

is part of PRC1 (Jones et al., 2000). It is feasible that recruitment of Ring2 and

subsequent ubiquitylation of H2A is triggered by the presence of H3K27me. More

recently, the E3 ub ligase RNF8 was demonstrated to mediate poly-ubiquitylation of

H2A in response to DSBs (Mailand et al., 2007) and UV-induced lesions

(W. Vermeulen, personal communication). This suggest a two-step mechanism in

which Ring2-mediated mono-ubiquitylation of H2A following UV irradiation precedes

poly-ubiquitylation by RNF8. Interestingly, an enzyme that mediates the de-ubiquity-

lation of H2A (called USP3) was recently identified, which is expected to also catalyze

the removal of NER-induced uH2A (Nicassio et al., 2007). The precise role of

H3K27me and uH2A during or following NER remain to be elucidated.

Chromatin modifying proteins and NER
Several non-chromosomal proteins have the ability to modify chromatin (either directly

by for instance bending it or by recruiting an enzymatic activity) or to bind to specific
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histone modifications (i.e. “read” the histone code). Well known examples are chromo-

and bromo-domains, which specifically bind to methylated and acetylated histones,

respectively (de la Cruz et al., 2005; Jones et al., 2000). Other examples are proteins

that mediate DNAmethylation (such as the Dnmt family) and factors that specifically

bind to methylated DNA (such as MeCP2) or proteins that methylate histones (such as

the SUV and SET families) and factors that bind methylated histones (such as HP1

and PcG proteins) (Bestor, 2000; Kouzarides, 2002). Some of these chromatin

modifiers have been linked to NER and these will be discussed in this section. Several

acidic proteins have been suggested to compete with DNA for binding to histones

thereby modulating the accessibility of nucleosomal DNA. An example of such a

protein is GADD45, which is a small (19 kDa) acidic stress-responsive protein that

binds to and increases the accessibility of UV-irradiated and acetylated nucleosomes

in vitro (Carrier et al., 1999). It appears that GADD45 preferentially interacts with

altered chromatin structures including nucleosomes containing CPDs without the need

for specific repair proteins. Whether GADD45 binds to UV damaged-chromatin

independently of NER in living cells remains to be elucidated. Inactivation of GADD45

in mice or knock-down of GADD45 expression in human cells results in considerably

reduced repair rates of both 6-4 PPs and CPDs suggesting a role in facilitating NER in

chromatin (Smith et al., 2000; Smith et al., 1996). Interestingly, GADD45 was shown

to interact with tumour suppressor proteins of the ING1 family (inhibitor of growth 1)

that share many functions with p53 and contain a conserved PHDmotif (Cheung et al.,

2001). Two particular isoforms of ING1, designated ING1b and ING2, were shown to

increase the accessibility of chromatin to NER proteins by inducing H4 acetylation

and chromatin relaxation (Kuo et al., 2007; Wang et al., 2006b). In addition, over-

expression of INGb significantly enhanced NER in vivo, which also required p53

(Cheung et al., 2001). Thus, the combined action of p53, GADD45 and ING proteins

may increase the accessibility of UV-lesions in nucleosomal DNA. Several studies

have provided evidence for the involvement of HMG proteins, which often contain

acidic tails, in the repair of UV lesions. HMG proteins are abundant architectural

proteins that bend DNA up to 100° and destabilize higher chromatin structures. The

HMG1 protein (belonging to the HMG-B family) was shown to have affinity for UV-

damaged nucleosomes in vitro, although the significance of this observation is

currently not known (Pasheva et al., 1998). Better understood is the role of HMG-N,

which was demonstrated to be recruited to TCR complexes by CSB (Fousteri et al.,

2006). No recruitment of HMG-N was found in cells deficient in CSB, showing that

this protein is exclusively involved in TCR and not GGR (Fousteri et al., 2006). Indeed,

HMG-N-deficient cells show decreased rates of CPDs removal in actively transcribed

genes but not in the genome overall (Birger et al., 2003). Several studies have shown

that HMG proteins directly compete for binding sites with histone H1 that bind to

linker DNA and fold chromatin fibres into more compact structures (known as

chromatosomes) (Brown et al., 2006; Catez et al., 2002; Catez et al., 2004). This would
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provide a mechanism as to how HMG proteins destabilize higher-order chromatin

structures and it was shown that association of HMG proteins with nucleosomes

assembled on promoters upon transcription activation resulted in the loss of H1 (Ju et

al., 2006). Interestingly, partial depletion of H1 from mouse cells was shown to

strengthen the DNAdamage response and in particular activation ofATR during DBS

repair (Murga et al., 2007). Given thatATR is also activated upon UV irradiation (Stiff

et al., 2006), it is feasible that the loss of H1 that might be triggered by binding of

HMG proteins also potentiates the DNA damage response following UV irradiation.

Recently, evidence was provided that Dnmt1 (a maintenance DNAmethyl-transferase)

but not Dnmt3a and 3b (which are de novo Dnmt’s) are recruited to sites of laser-

induced DNA damage after sensitisation with BrdU (Mortusewicz et al., 2005).

However, the types of DNA injuries that are produced using this method are ill-defined

and several repair pathways were shown to be activated simultaneously (Dinant et al.,

2007; Williams et al., 2007). We have recently demonstrated that GFP-tagged Dnmt1

is recruited to sites of UV-induced DNAdamage as well as HP1α, β and γ (Chapter 7).

Moreover, we show that the binding of the HP1 proteins depends on the chromo-

shadow-domain (CSD) but not on the chromo-domain (CD). The CSD domain (once

dimerized with a second CSD) interacts with several nuclear proteins that contain a

short hydrophobic motif (PxVxL), whereas the CS binds methylated H3 at lysine 9

(Jones et al., 2000; Thiru et al., 2004). The fact that HP1 recruitment to UV-lesions

depends on the CSD suggests that HP1 is recruited to DNA lesion by a protein already

present at the site of damage. This may be mediated by direct interaction between HP1

and RNA polymerase II (Mateescu et al., 2008). Interestingly, HP1 accumulation is

observed in cells deficient in any of the known damage-recognition proteins involved

in NER (i.e. XPC, DDB2 and CSB) and appears to be repair-independent (Chapter 7).

The precise mechanism by which HP1 and Dnmt1 proteins are recruited to UV lesion

remains elusive and requires further studies. HP1 and Dnmt1 may play a role in

inhibition of transcription, which occurs in UV-damaged cells independently of

functional NER (Moné et al., 2001). Chromatin assembly factor (CAF-1), which also

binds to HP1, was shown to be recruited in an NER-dependent manner to sites of UV-

induced DNAdamage in living cells (Green andAlmouzni, 2003). This is of particular

interest since CAF-1 and HP1 are known to interact during replication (Quivy et al.,

2004). However, binding of CAF-1 depends on functional NER in contrast to that of

HP1 raising the question whether these proteins interact during DNA repair (Green

and Almouzni, 2003). In agreement with the role of CAF-1 as chromatin assembly

factor, it was demonstrated that histone H3.1 was assembled de novo at repair sites

reflecting a chromatin restoration step following repair (Polo et al., 2006). It would be

of interest to investigate whether histone variants, such as H2A.Z or H3.3 are deposited

following repair. In conclusion, it appear that chromatin modifiers have a key role in

modulating the accessibility of nucleosomal DNA to the repair machinery as well as

in the restoration of the chromatin state following repair, consistent with the proposed
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access-repair-restore model (Green and Almouzni, 2002).

ATP-dependent nucleosome remodelling factors and NER
A number of large multi-protein complexes (200 kDa – 2 MDa) can enzymatically

modulate chromatin structure at the expense of ATP hydrolysis (Becker and Horz,

2002; Varga-Weisz and Becker, 2006). These nucleosome remodelling factors contain

an ATPase of the SWI2/SNF2 (Switch/Sucrose non-fermentable) family, which is

reminiscent of a DNA helicase. In addition, nucleosome remodelling factors contain

targeting and regulatory subunits (Varga-Weisz and Becker, 2006). Examples of

nucleosome remodelling factors are CHRAC, BRAHMA and INO80 and several of

these protein complexes have been linked to NER. A direct link between nucleosome

remodelling and repair was provided by the finding that CSB, which is a key TCR

factor, is also an ATPase of the SWI2/SNF2 family that directly binds to histones

(probably at their tails) and remodels nucleosomes in vitro (Citterio et al., 2000).

Inactivation of the ATPase domain of CSB abolished its function in repair and it was

suggested that CSB has a more general role in chromatin remodelling and regulation

of genes involved in cell growth and the stress response that is not restricted to repair

(Newman et al., 2006; Selzer et al., 2002). Additional evidence suggesting a role for

ATP-dependent remodelling factors in repair comes from in vitro studies, showing that

ACF1 (ATP-utilizing chromatin assembly and remodelling factor) facilitates dual

incision in di-nucleosomes, especially in the linker region (Ura et al., 2001). The

bromodomain-containingACF1 is the largest subunit of the human CHRAC complex

(chromatin accessibility complex) that contains the ATP-ase subunit ISWI (imitation

switch) and two histon-folds proteins (Eberharter et al., 2001; Poot et al., 2000; Varga-

Weisz et al., 1997). Mammalian cells contain two ISWI proteins designated SNF2H

and SNF2L andACF1 was found to predominantly associate with SNF2H (Poot et al.,

2000). Nucleosome remodelling as well as sliding by ISWI was shown to be

considerably stimulated by ACF1 and it was demonstrated that the tails of H4 are

required for nucleosome sliding (Eberharter et al., 2001). Recently, GFP-taggedACF1

was shown to be recruited to sites of UV-induced DNA damage in human cells,

providing evidence for an in vivo role of ACF1, and possibly CHRAC, in NER

(Chapter 7). It would be of interest to determine if ISWI and the closely relatedACF1

homologueWSTF (William syndrome transcription factor) (Poot et al., 2004) are also

recruited to UV lesions. In addition to ACF1 (containing ISWI), also SWI/SNF was

shown modulate the accessibility of UV-damaged mono-nucleosomes in vitro (Gaillard

et al., 2003; Hara and Sancar, 2002; Hara and Sancar, 2003). In fact, NER proteins

XPC, XPA and RPA were found to stimulate the remodelling activity of SWI/SNF to

allow access to lesion in the nucleosome core (Hara and Sancar, 2002). It is interesting

to note that the homologues of XPC-HR23B in yeast (called RAD4-RAD23) directly

interact with a SWI/SNF remodelling complex and this interaction was shown to be

enhanced following UV irradiation (Gong et al., 2006). Mammalian cells have two
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closely related SNF2 proteins, known as BRM (Brahma) and BRG1 (Brahma related

gene 1) that are part of different large multi-protein complexes in vivo. In agreement

with a putative role for SWI/SNF during repair, we found that YFP-tagged BRG1

accumulates at sites of UV-induced DNA damage in human fibroblasts suggesting a

role in modulating lesion accessibility during or prior to repair (Chapter 7). Another

type of remodelling complex containing theATPase INO80 has been intimately linked

to DSB repair in yeast and it was shown that recruitment of INO80 to DSBs required

phopsphorylation of H2A (Morrison et al., 2004; vanAttikum et al., 2004). Mammalian

cells also contain INO80-containing complexes and it is anticipated that these

nucleosome remodelling factors are involved in facilitating NER in chromatin.

Altogether, severalATP-dependent remodelling complexes, containing SWI/SNF (such

as BRG1) or ISWI (such as ACF1) have been directly linked with mammalian NER

and more proteins are likely to be identified in the years to come. It would be of

particular interest to study how NER is affected by the depletion (e.g. knock-down) or

inactivation of these nucleosome remodelling proteins.

Final considerations and outline of this thesis

Cells respond to UV damage by activating several pathways. One of these includes

assembly of a multi-protein repair complex on damaged chromatin that mediates

removal of the damaged DNA.Although all core repair factors are known, we are only

beginning to understand the complex choreography of pre-incision NER factors during

repair in living cells. In Chapter 3 binding of NER endonuclease XPG is shown to

depend on functional THIIH. Moreover, TFIIH and XPG are demonstrated to be

distinct protein complexes, which interact only on damaged DNA. Chapter 6 provide

a detailed quantitative analysis of all pre-incision NER proteins and shows that pre-

incision factors exchange rapidly at sites of repair under steady-state repair conditions.

Using mathematical modelling, we reveal that NER factors dissociate and rebind

during the repair process. This in contrast to previous models in which pre-incision

proteins were proposed to irreversibly bind until repair was completed. We propose a

model in which irreversible enzymatic reactions produce repair intermediates (such as

unwound or incised DNA) to which pre-incision NER proteins bind with different

affinities. Such as model can fully explain the kinetic behaviour of NER factors in

living cells. Chapter 5 provides insight into the spatial organization of NER and shows

that NER pre-incision complexes are mainly assembled at the surface of compact sub-

chromosomal chromatin domains. Moreover, we show that UV-damaged chromatin

undergoes large-scale decondensation and propose that damaged DNA inside compact

chromatin domains is relocated to the surface of these domains. In Chapter 4 the

interplay between damage-recognition proteins DDB2 and XPC is studied. DDB2 is

shown to bind UV-lesions independently of XPC and we propose that DDB2 prepares

UV-damaged chromatin for the assembly of NER complexes. In contrast to detailed

knowledge on the kinetics of pre-incision factors, we are only beginning to uncover the
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kinetic behaviour of repair synthesis NER proteins. In Chapter 6, we show that PCNA

binding reaches a plateau several hours after UV irradiation when pre-incision proteins

are no longer bound to repair sites. RPA, which has roles in pre-incision NER and

repair synthesis, displays similar kinetic behaviour (Gourdin and Vermeulen,

unpublished). These results reveal that repair synthesis factors display kinetic

behaviour that is remarkably different from pre-incision NER proteins. It underscores

that little is understood of the events that occur after dual incision. Both RPAand PCNA

exchange at repair sites, showing that both proteins dissociate and (re)bind at

time-points when pre-incision proteins are no longer bound. Clearly, these repair

synthesis proteins have affinity for repair intermediates that are present several hours

after UV irradiation. The nature of these repair intermediates remains elusive. It may

be that repair synthesis proteins bind to DNA that is re-synthesized but on which

nucleosomes are not yet assembled. In support of this, it was shown that the protein

assembling H3.1 after NER (CAF-1), can be detected at repair sites 6 hrs following UV

irradiation (Polo et al., 2006). It would be of interest to study the kinetic behaviour of

repair synthesis factor such as RF-C, XRCCI-LigIII and DNApol δ. This information

could be used to build a complete mathematical model for the NER process, which

provides comprehensive insight into how NER operates on chromatin in living cells.

In Chapter 7 the HP1 proteins, which are versatile epigenetic regulators are

demonstrated to bind to UV-damaged sites independently of any of the know NER

factors. Similarly, DNA methtyltranferase 1 (Dnmt1) and chromatin remodelling

complexesACF1 and BRG1 are shown to bind to UV-damaged sites in repair-deficient

cells. This suggest these proteins are involved in a DNA damage response pathway,

which is independent of NER. We propose that HP1 proteins may regulate repression

of transcription following UV irradiation. Chapter 8 is a perspective in which the

mechanisms to assemble chromatin-associated complexes that carry out genome-

controlling functions such as DNA repair, transcription and replication are discussed.
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