
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mammalian nucleotide excision repair in vivo

Moné, M.J.

Publication date
2005

Link to publication

Citation for published version (APA):
Moné, M. J. (2005). Mammalian nucleotide excision repair in vivo. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/mammalian-nucleotide-excision-repair-in-vivo(26c25296-687c-4313-8aee-9a45126ad324).html


Chapterr 4 

-- IN VIVO DYNAMIC S OF CHROMATIIN-ASSOCIATED COMPLEX 

FORMATIONN IN MAMMALIA N NUCLEOTIDE EXCISION REPAIR -
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4.11 Abstract 

Chromatinn is the substrate for many processes in the cell nucleus, including transcription, 
replication,, and various DNA repair systems, all of which require the formation of 
multiproteinn machineries on the chromatin fibre. We have analyzed the kinetics of in vivo 
assemblyy of the protein complex that is responsible for nucleotide excision repair (NER) in 
mammaliann cells. Assembly is initiated by UV irradiation of a small area of the cell 
nucleus,, after which the accumulation of GFP-tagged NER proteins in the DNA-damaged 
areaa is measured, reflecting the establishment of the dual-incision complex. The dynamic 
behaviourr of two NER proteins, ERCC1-XPF and TF1IH, was studied in detail. Results 
showw that the repair complex is assembled with a rate of-30 complexes per second and is 
nott diffusion limited. Furthermore, we provide in vivo evidence that not only binding of 
TFIIH.. but also its helicase activity, is required for the recruitment of ERCC1-XPF. These 
studiess give quantitative insight into the de novo assembly of a chromatin-associated 
proteinn complex in living cells. 

4.22 Introduction 

Nucleotidee excision repair (NER) is continuously safeguarding genomic integrity by means 
off  its ability to repair several types of helix-distorting DNA damage. For the removal of, for 
instance,, UV-induced photoproducts, placental mammals fully rely on NER (Friedberg et 
ai,ai, 1995). This multiprotein system, involving >30 gene products, recognizes damaged 
DNAA and excises the injury as an oligonucleotide from the affected strand, after which 
DNAA polymerase action resynthesises the gap and the remaining nick is ligated (Araüjo and 
Wood,, 1999; Costa et ai. 2003; de Laat et al, 1999). We have detailed knowledge of the in 
vitrovitro NER mechanism, mainly from biochemical studies. However, how it operates in the 
contextt of the living cell nucleus has remained largely unsolved. 
Inn general, studies of the dynamics of nuclear processes have been performed by using 
photobleachingg procedures, providing information about protein mobility and exchange 
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ratess of components of protein complexes (Dundr and Misteli, 2001; Houtsmuller and 
Vermeulen,, 2001). In vivo studies of chromatin-associated processes are hampered by a 
lackk of methods that allow analysis of de novo assembly kinetics in the nuclei of living 
cells,, and, as a result, the dynamic behaviour of the involved complexes could be 
investigatedd only under steady-state conditions. Taking advantage of the UV-inducible 
naturee of NER, we have analyzed in detail the dynamics of the formation of the double-
incisionn complex by visualizing protein accumulation at sites of DNA damage immediately 
afterr UV irradiation. Results obtained for the NER complex may serve as a paradigm for 
thee assembly of other chromatin-associated multiprotein systems, such as transcription and 
replicationn complexes. 

4.33 Materials and methods 

4.3.11 Cell culture 

Wee used 43-3B Chinese hamster ovary (CHO) cells stably expressing ERCC1-GFP as 
describedd in Houtsmuller et a!. (1999). We stably transfected 27.1 cells with enhanced GFP 
(EGFP)) (Clontech) cloned in-frame to the C terminus of the XPB subunit of TFIIH, as 
describedd in Hoogstraten et ai (2002). Cells were grown at 37°C under 5% CO: in a 1:1 
mixturee of Ham's F10 medium and DMEM supplemented with 10% FCS, 1% glutamine, 
1000 units/ml penicillin, and 100 ug/ml streptomycin (all from Invitrogen). Cells were 
culturedd in glass-bottomed Petri dishes (MatTek, Ashland, MA) and were used at 60-80% 
confluency.. Primary human fibroblasts VH25 (normal NER proficient) and XP131MA 
(XPBB helicase mutant) were grown on Alcian blue-coated (Sigma-Aldrich) coverslips in 
Ham'ss F10 medium containing 15% FCS and the above-mentioned supplements under a 
2.5%% COS atmosphere. 

4.3.22 Local UV irradiation 

Forr immunofluorescent labelling, the primary fibroblasts were locally UV-irradiated 
throughh the 5-um-diameter pores of a polycarbonate membrane filter (Millipore) as 
describedd in Moné et ai (2001). For imaging of living cells, local UV irradiation was 
performedd as follows. The filter (5-u.m pores) was coated with Alcian blue to allow it to 
stayy in close vicinity of cells when immersed. The Petri dish was filled wfith serum-free 
culturee medium (DMEM) without phenol red, and a small piece of filter (about 5 mm in 
diameter)) was positioned onto the cells. A glass ring (6 mm in diameter with a 2-mm 
openingg and a height of 2.7 mm) was carefully placed on top of the filter to secure the filter 
onn the cells. Subsequently, the petri dish was sealed with a lid that contained a quartz 
windoww and held the ring and the filter in place. The dish was transferred to the prewarmed 
microscopee stage (see below) and was allowed to thermally stabilize. Irradiation was 
carriedd out by using an UV source [a flat array of four Philips (Eindhoven. The 
Netherlands)) TUV 9W PL-S lamps] above the microscope stage. UV irradiation was 
correctedd for absorption by the medium, which was measured spectrophotometrically, 
resultingg in a final UV dose of 120 J/nr (254 nm) onto the filter (UV irradiation was 
performedd for 12 s at 10 W/nr). 
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4.3.33 Imaging and analysis 

Cellss were kept on a LSM510 confocal microscope stage (Zeiss) at the appropriate 
temperature,, by using a custom-made heated stage connected to a temperature controller 
(Medicall  Systems, Greenvale, NY). The objective (Zeiss Plan-Neofluar xlOO, 1.3 
numericall  aperture) was kept at the right temperature (either 37°C or 27°C; see text) with a 
Bioptechss (Butler, PA) objective heater. One equatorial image was taken to determine 
positionn and relative fluorescence intensity of the cell nuclei (25 mW Ar laser. 0.5% laser 
powerr at 488 nm, pinhole open, fast-scanning mode). Going up in the z-direction, a 
backscatteredd image of the filter mask was obtained (HeNe laser at 633 nm) to determine 
thee position of the pores in the filter mask. Images of the filter and the cells were overlaid to 
locatee nuclei that were situated under a filter pore. The distance between nucleus and filter 
wass measured at 633 nm excitation and had to be <7 urn to obtain a well defined damaged 
area.. A pre-irradiation image was acquired, after which the sample was exposed to UV light 
forr 12 s. Immediately after irradiation, images were collected (0.5% laser power at 488 nm, 
pinholee open, 512 x 512-pixel images, two times averaged) over 15- to 20-s intervals for 
severall  minutes, allowing the accumulation of GFP-tagged NER proteins in the UV-
damagedd area to reach a plateau. The accumulation of fluorescence from GFP was 
quantifiedd with Zeiss LSM510 software (version 2.5) and PHOTOSHOP 6 (Adobe 
Systems,, San Jose, CA). For every time point, the average fluorescence intensities in the 
UV-damagedd area and in an equal-size undamaged area in thee same nucleus were measured 
andd corrected for background fluorescence outside the cell and for photobleaching. The 
GFPP signal in the undamaged nuclear area represents the pool of the NER proteins that is 
nott involved in DNA repair, e.g., diffusing freely, and that is assumed to be present also in 
thee damaged region (Hoogstraten et al., 2002; Houtsmuller et al., 1999). This value was 
subtractedd from the fluorescence in the damaged area, resulting in thee fluorescence intensity 
thatt represents the GFP-tagged protein bound to damaged DNA. At least eight cells were 
imagedd and quantified for every condition. The amount of bound protein was normalized as 
thee fraction of the total amount of that protein in the nucleus. The start of UV irradiation 
wass defined as t = 0 s. 

4.3.44 Immunofluorescent labelling 

Afterr UV irradiation, primary fibroblasts were cultured for 3 min, after which 
Immunolabellingg was carried out as described in Volker et al. (2001). Primary antibodies 
forr the detection of TFIIH were mouse IgG monoclonal anti-XPB and mouse IgG 
monoclonall  anti-p62 (both gifts from Dr J.M. Egly, lnstitut de Génétique et de Biologie 
Moleculairee et Cellulaire, Illkirch, France). ERCC1 was detected by using rabbit IgG 
polyclonall  anti-ERCCl. Secondary antibodies were goat anti-mouse coupled to Cy2 and 
goatt anti-rabbit coupled to Cy3 (Jackson ImmunoResearch). Images were obtained by using 
aa Zeiss Axioplan 2 fluorescence microscope, equipped with a cooled Hamamatsu 
(Bridgewater,, NJ) C5935 CCD camera. 

4.44 Results and discussion 

Wee used repair-deficient CHO cells that had been functionally rescued by stable expression 
off  the wild-type NER protein tagged with GFP (Hoogstraten et a/,, 2002; Houtsmuller et 
al.,al., 1999). To directly measure the uptake of proteins into the NER complex, we locally 
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inducedd DNA damage in the cell nucleus by UV irradiation through a filter mask with 5-
umm pores (Mone etal., 2001). Cells were cultured in a microscope culture chamber that 
allowedd quantitative measurement of the time course of protein accumulation in the 
damagedd nuclear region (Fig. 1 A; see also Methods for a detailed description). The 
heterodimericc endonuclease ERCC1-XPF generates the 5*  incision in the damaged strand 
(Sijberss et al.. 1996). Before UV irradiation, ERCC1-GFP was distributed evenly 
throughoutt the nucleoplasm {Fig. IB). Immediately after local UV irradiation, ERCC1-GFP 
startedd to accumulate in the damaged nuclear area (Fig. 1C). The time course of the 
increasee in fluorescence in the damaged area reached a plateau after 2-3 min (Fig. 2 Left), 
representingg a steady-state-like situation in which repair is performed at a constant 
maximumm rate. Nuclei that were UV-irradiated a second time in the damaged nuclear 
regionn did not exhibit an increase in their immobilized ERCC1-GFP fraction (data not 
shown).. This observation indicates that the initial DNA damage is sufficient to engage the 
maximumm number of GFP-tagged NER proteins and that, therefore, the plateau corresponds 
too a saturated repair system [in agreement with previous estimates (Moné et al.. 2001)]. 
ERCC1-GFPP binding is remarkably slow (tt 2 = 65 s) compared with its apparent diffusion 
ratee inside the nucleus (15  5 unr/s) (Houtsmuller et al., 1999), based on fluorescence 
recoveryy after photobleaching experiments, indicating that the rate of recruitment into NER 
complexess is not diffusion limited. 

ChapterChapter 4; Figure 1 
VisualizationVisualization ofERCCl-GFP recruitment to sites of localized DNA damage 
(A)(A) Setup for local UV irradiation of cells growing on a temperature-controlled microscope 
stage.stage. A monolayer of cells in culture medium is covered with a micropore filter mask thai 
isis kept in place hy a glass ring. UV irradiation onto the filter is through a quartz window 
andand the opening in the ring. 
(B)(B) Position of filter pores relative to cell nuclei. (Left) A reflection image of the fitter (red) 
showsshows the distribution of the micropores. Because not all filter pores are perpendicular to 
thethe filter surface, a transmission image identifies pores that properly transmit white light 
(e.g.,(e.g., pores within the circles). (Right) Image of cells below the filter thai express ERCC1-
GFP.GFP. showing a uniform nuclear distribution before UV irradiation. Circles denote the 
positionposition of the filter pores. 
(C)(C) Time series ofERCCl-GFP dynamics at 37°C after local UV irradiation. After a pre-
irradiationirradiation image (t = 0 s). cells were UV-irradiated for 12 s. Subsequently, images were 
takentaken at the indicated time points after the start of UV irradiation. Cell nuclei exhibited an 
accumulationaccumulation of GFP signal in the irradiated nuclear areas fi.e. the areas below the filter 
porespores denoted in B). Scale bar is 10 pm. 
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ERCC1-XPFF is thought to be one of the last proteins that is incorporated into the NER 
double-incisionn complex. Therefore, its accumulation kinetics is likely to reflect the 
formationn of the complete functional dual-incision complex. How does this hypothesis 
comparee with the behaviour of NER components that bind before ERCC1-XPF? The 
formationn of a stretch of unwound DNA is required for ERCC1-XPF to produce the 5' 
incisionn in the injured DNA strand (Evans et ai, 1997; Mu et af., 1996). Unwinding is 
performedd through the ATP-dependent hclicase activity of TFIIH (Egly. 2001; Schaeffert'/ 
ai,ai, 1994; Schaeffer et ai, 1993). It is, therefore, thought that TFIIH binds to lesions before 
ERCC1-XPFF in vivo. Thus, it is expected that the kinetics of TFIIH binding are the same or 
fasterr than those of ERCC1 -XPF. To address this hypothesis, we measured the binding 
kineticss of TFIIH-GFP in CHO cells expressing its XPB subunit coupled to GFP. XPB is 
thee 3' -> 5' helicase subunit of TFIIH (Schaeffer É-/ al., 1993). Like ERCC1-GFP, XPB-
GFPP accumulation started immediately after UV irradiation (Fig. 2 Right). TFIIH 
recruitmentt reached a plateau after ~6 min (t |: =113 s). Like ERCC 1-GFP, incorporation 
off  TFIIH, which has an effective diffusion coefficient of 5.9  1 (.im2/s, is not a diffusion-
limitedd process (Hoogstraten et al., 2002). 
Theree are -30,000 molecules of ERCC1-XPF per cell nucleus (Houtsmuller et ai, 1999). 
Assumingg that the TFIIH concentration is the same as that of ERCC 1, which is probably an 
underestimationn (Kimura et ai, 1999). their assembly rates at UV-damaged DNA can be 
estimatedd from the initial slope of the time courses. The tangents show an immobilization 
off  -6% and -7% of the total fluorescence per minute for ERCC 1-GFP and TFIIH-GFP. 
respectively.. Hence, assembly at UV damage occurs at a rate of-30 and -35 molecules per 
ss for ERCC1-XPF and TFIIH, respectively. 
Inn the absence of DNA damage, NER proteins have been proposed to occur in the 
nucleoplasmm as individual proteins (Hoogstraten et ai, 2002; Houtsmullere/ ai, 1999; 
Rademakerss et ai, 2003), protein complexes (Araüjo et ai, 2001; Drapkin et ai, 1994; 
Wakasugii  and Sancar, 1999), or a fully preassembled repairosome (Svejstrup et ai, 1995). 
Measurementss on intact cell nuclei provide two types of evidence for a sequential assembly 
mechanism.. First, even in the presence of DNA damage, the mobile populations of several 
NERR proteins appear to diffuse rapidly, indicating that a major fraction is not part of a large 
complexx (Hoogstraten et ai, 2002; Houtsmuller et ai, 1999; Rademakers et ai, 2003). 
Second,, partially assembled repair complexes have been detected at DNA-damaged sites in 
thee nuclei of NER-deficient mutant cells (Volker et ai, 2001). However, these studies have 
nott ruled out the possibility that different NER factors form possibly transient complexes 
beforee their recruitment to damaged DNA. Despite the fact that in this study we measured 
similarr initial assembly rates for ERCC I -GFP and TFIIH-GFP. their overall binding-time 
coursess were dissimilar, as is reflected by the 2-fold difference in t |; values for reaching a 
plateau.. To test whether TFIIH and ERCC I load onto damaged DNA individually, rather 
thann as a complex, we analyzed the effect of temperature on the assembly kinetics. If the 
twoo proteins bind as a preformed complex, any temperature effect would be the same for 
both.. ERCC 1 -GFP and TFIIH-GFP accumulation were measured at 27°C, in addition to the 
measurementss at 37°C. This decrease in temperature only marginally affects diffusion rates. 
yett it may have a significant effect on the rate of enzymatic processes or other temperature-
dependentt steps in the NER process. Both ERCC1-GFP and TFIIH-GFP exhibited a higher 
plateauu level at 27°C: an increase from 13.4  1.7 to 17.4  1.9% for ERCC1-GFP and from 
14.88  1.1 to 21.6  4.6% for TFIIH-GFP. i.e. an increase of-20% and -50% for ERCC1-
GFPP and TFIIH-GFP. respectively. In addition, the establishment of the plateaus was 
delayedd significantly (Fig. 2). Hence, the dissociation rate of NER proteins, e.g., after a 
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repairr event, appears to decrease at lower temperature. This finding might indicate the 
necessityy of enzymatic activity for the repair complex to be released (e.g., endonucleolytic 
activityy by ERCC1-XPF and XPG). The time course of TFIIH binding still exhibited its 
maximumm accumulation rate immediately after UV irradiation (Fig. 2 Right). In contrast, 
ERCC1-GFPP assembly exhibited a lag phase at 27°C (Fig. 2 Left). These data indicate that 
theree is a temperature-sensitive step before ERCC1-XPF binding, but after TF11H binding. 
Thee differences in accumulation between ERCC1-XPF and TFIIH strongly argue against 
bindingg of a preassembled complex that contains TFIIH and ERCC1. These results provide 
inin vivo evidence supporting a sequential assembly mechanism of the NER double-incision 
complexx (Evans et a/., 1997; Volker el ai, 2001). 
Thee presence of a temperature-dependent step before ERCC1-GFP binding suggests that an 
enzymaticc reaction occurs before ERCC1-XPF can bind. The ATP-dependent helicase 
activityy of TFIIH is the only known enzymatic activity that is required to form a functional 
double-incisionn complex. Hence, not only binding of TFIIH, but also its helicase activity, 
mayy be necessary for recruitment of ERCC1-XPF. To investigate this possibility, we 
carriedd out immunofluorescent double labelling on wild-type fibroblasts and NER-deficient 
XP131MAA fibroblasts. XP13 IMA cells contain a mutation in their XPB subunit that has 
beenn shown to result in impaired helix opening in NER (Evans et a/., 1997). In VH25 wild-
typee cells, TFIIH and ERCCI both amassed at sites of local UV damage 3 min after UV 
irradiation,, as expected (Fig. 3A Upper). In the helicase mutant, TFIIH was still able to 
bindd to UV-damaged DNA, as could be shown by using antibodies against its p62 core 
subunitt (data not shown) and against the XPB subunit (Fig. 3A Lower). In contrast, the 
XP131MAA mutant cells did not show any accumulation of ERCCI in the damaged area 
afterr 3 min. This result suggests that TFIIH helicase activity, rather than just TFIIH 
binding,, must precede binding of ERCC1 -XPF. 
Ourr in vivo data support a model in which NER factors assemble into the incision complex 
att sites of DNA damage in a sequential and interdependent manner. In addition to the 
TFIIHH requirement, ERCCI-XPF binding has been found to depend also on the presence of 
thee XPA protein. In contrast, the 3' endonuclease XPG can load onto damaged DNA in 
cellss that lack XPA (Voiker et at., 2001). Therefore, ERCC1-XPF recruitment is assumed 
too be the last step in NER complex formation. The genome-wide removal of UV-induced 
cyclobutanee pyrimidine dimers is essentially absent in CHO cells (Vreeswijk et al., 1994). 
Althoughh cyclobutane pyrimidine dimers are repaired by transcription-coupled NER, this 
repairr subpathway contributes only a minor fraction to the total NER activity at any given 
timee [<1% (Leon Mullenders, personal communication)]. Thus, the binding rate of ERCCI -
GFPP of-30 molecules per s is likely to reflect the in vivo rate of formation of the complete 
andd functional dual-incision complex at (6-4) photoproducts. 
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ChapterChapter 4; Figure 2 
AssemblyAssembly kinetics ofERCCI-GFP and TFIIH-GFP 
TimeTime curves show the accumulation ofERCCJ-GFP (Left) and TFIIH-GFP (Right) at ÜV-
damageddamaged nuclear areas. Starting at l = 0. cells were irradiated for 12 s. receiving a total 
dosedose of 120 J/m' in the irradiated nuclear area. The subsequent local accumulation of 
ERCCI-GFPERCCI-GFP and TFIIH-GFP was measured and is plotted as a percentage of the total 
GFPGFP fluorescence of the cell nucleus ty axis) vs. time after start of UV irradiation. 
ExperimentsExperiments were performed at 37°C (red curves) and 27°C (blue curves) and repeated at 
leastleast eight times. (Error bars represent SD between different experiments}. 

Forr global genomic NER, DNA damage probably is recognized by the XPC-HR23B 
heterodimer.. which seems to be the major requirement for TFIIH to associate with DNA 
damagee (Volker et a/., 2001: Yokoi ei a/.. 2000). Our results indicate that these early 
events,, possibly accompanied by changes in chromatin structure (Moggs and Almouzni. 
1999).. are relatively slow, i.e. on the minutes scale. Subsequently, the double-incision 
complexx is assembled in multiple steps, including the binding of RPA, XPG. XPA, helix 
openingg by TFIIH, and the binding of ERCC1-XPF. Because we observed similar initial 
assemblyy rates for TFIIH and ERCC1-XPF incorporation, it can be concluded that once 
TFIIHH is bound, the complete incision complex is established rapidly. In rum, the ensuing 
stepss of damage removal and resynthesis that lead to dissociation of the NER complex is 
againn in the minutes range, as is reflected by the long residence times of NER proteins at 
sitess of DNA damage observed with photobleaching studies (Hoogstraten et al.. 2002: 
Houtsmullerr ei al., 1999: Rademakers et ai, 2003). Fig. 3B summarizes these dynamics of 
eventsevents during a full NER cycle. 
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ChapterChapter 4; Figure 3 
RecruitmentRecruitment ofERCCl-XPF to DNA damage requires TFIIH helicase activity 
(A)(A) TFIIH helicase mutant cells exhibit impaired damaged-DNA binding of ERCCI-XPF 
PrimaryPrimary human fibroblasts were locally L'l'-irraclialecl  through a micropore filler mask and 
subsequentlysubsequently cultured for 3 min before fixation. After immunolhioresccnl double labelling, 
nucleinuclei oj wild-type cells (VH25, Upper) exhibited nuclear ai cumulations of TFIIH (green) 
andand ERCCI-XPF (red) in the DNA-damagcd areas. In XPB helicasc mutant fibroblasts 
(XPlilMA,(XPlilMA, lower). I I -damaged areas displayed accumulation oj TFIIH /green), hut no 
recruitmentrecruitment of ERCCI-XPF was delected. Merged images also show DNA counterstaining 
byby 4',6-diamidino-2-phenylindole in blue. 
IB)IB) Dynamics of an in vivo NER cycle on its chromatin template. Clockwise from top left, 
eventsevents arc as follows /see lex! for details). I foil induction of DNA damage by UV light. 
earlyearly events including lesion recognition and ensuing recruitment oj TFIIH are relatively 
slowslow compared with the subsequent steps of pre-incision complex (PIC) formation. Before 
repairosomcrepairosomc assembly can be accomplished by binding oj ERCCI-XPF, the double helix 
aroundaround the injury is unwound rapidly by TFIIH helicase activity. The following cascade <>/ 
eventsevents that lead to release oj the NER factors is again comparatively lime-consuming. 
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Inn contrast to NER. a variety of proteins that are part of other chromatin-associated 
complexes,, such as those responsible for transcription initiation or heterochromatinisation, 
havee been found to exchange rapidly at their target sites, i.e. at the seconds scale (Becker et 
al,al, 2002; Dundr et ai, 2002). Here, we show that the de novo assembly of the NER 
complexx on the chromatin fibre in vivo is slow, with a t\2 value of-1 min. It would be 
interestingg to compare this finding with the in vivo assembly rates of other nuclear 
machineries.. The NER mechanism has many similarities to other chromatin-related 
processess and even shares a variety of its factors with several of these pathways. Sequential 
assemblyy of protein complexes at specific genomic sites has been suggested for many major 
nuclearr processes, including base excision repair (Nilsen and Krokan, 2001). DNA 
replicationn (Cardoso and Leonhardt, 1998), transcription initiation for RNA polymerase I 
(Dundrr et a/.. 2002) and RNA polymerase II (Lee and Young. 2000), and recently also for 
DNAA double-strand-break repair (Wolner et a!., 2003). Hence, the NER system can serve as 
aa paradigin for other chromatin-associated protein processes. 
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