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Abstract
Nucleotide excision repair (NER) is an evolutionary conserved DNA repair system

that is essential for the removal of UV-induced DNA damage. In this study we have

investigated how NER is compartmentalized in the interphase nucleus of human cells

at the ultrastructural level by using electron microscopy in combination with immuno-

gold labeling. We analyze the role of two nuclear compartments, i.e. condensed

chromatin domains and the perichromatin region. The latter contains partly

decondensed and transcriptionally active chromatin at the surface of condensed

chromatin domains. We have studied the distribution of damage-recognition protein

XPC and of XPA, which is a central component of the chromatin-associated NER

complex. Both XPC and XPA rapidly accumulate in the perichromatin region after UV

irradiation, whereas only XPC is moderately enriched in condensed chromatin

domains. This indicates that DNA damage is detected by XPC throughout condensed

chromatin domains, whereas DNA repair preferentially occurs in the perichromatin

region. Our results suggest that UV-damaged DNA inside condensed chromatin

domains is relocated to the perichromatin region. In addition, we provide evidence that

UV-damaged chromatin undergoes large-scale decompaction, possibly related to the

relocation process. Our results offer novel insight into the dynamic spatial organization

of DNA repair in the human nucleus and reveal that the dynamic spatial organization

of DNA repair is more complex than previously anticipated.

Introduction
Nucleotide excision repair (NER) is a highly conserved DNA repair system that

removes a variety of damages from the genome (Hoeijmakers, 2001). Placental

mammals fully rely on NER for the removal of UV-induced lesions, such as

cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs). Both types of

helix distorting lesions are potent inhibitors of transcription by RNA polymerase II

(RNAP II) and replication by DNA polymerases δ and ε (Lehmann et al., 2007). Two

closely related NER pathways exist that are referred to as global genome NER (GGR)

and transcription-coupled NER (TCR). TCR removes lesions exclusively from

transcribed genes, whereas GGR repairs lesions elsewhere in the genome (Hanawalt,

2002). Damage recognition in GGR is carried out by the XPC protein complex, which

subsequently recruits the repair machinery to process the lesions (Araki et al., 2001;

Buterin et al., 2005; Maillard et al., 2007; Sugasawa et al., 1998; Volker et al., 2001).

DNAdamage in actively transcribed genes is detected by a stalled RNAP II in concert

with the CSA and CSB proteins, which are essential for TCR (Brueckner and Cramer,

2007; Fousteri et al., 2006; Hanawalt, 2000; Laine and Egly, 2006). Although CPDs

are more abundant than 6-4 PPs following UV irradiation, the latter photoproduct is

removed approximately five times faster than CPDs (Mitchell and Nairn, 1989). CPD

removal by GGR is inefficient, probably because of the lower affinity of XPC for this

type of lesion. For the recognition of CPDs in GGR, XPC is assisted by UV-DDB,
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which is essential for efficient repair of CPDs (Groisman et al., 2003; Hwang et al.,

1998; Tang et al., 2000). TCR is particularly important for the removal of lesions such

as CPDs that are inefficiently cleared away by GGR (Balajee and Bohr, 2000;

Hanawalt, 2000; Mullenders and Berneburg, 2001).After the damage recognition step

in GGR and TCR, both pathways converge to a common molecular mechanism that

involves approximately 30 proteins in mammals (Araujo et al., 2000; de Laat et al.,

1999; Lindahl andWood, 1999). The ten-subunit protein complex TFIIH is the first to

be recruited to the damaged DNA after the recognition step by XPC or CSB (Fousteri

et al., 2006; Giglia-Mari et al., 2004; Volker et al., 2001; Yokoi et al., 2000). TFIIH

utilizes its XPD helicase subunit to unwind the DNAaround a lesion (Coin et al., 2007).

The XPA protein is a central organizer of the NER complex and is involved in the

proper orientation of the incision proteins XPG and ERCC1/XPF together with RPA

(de Laat et al., 1998; Missura et al., 2001). Following dual incision by the two NER

endonucleases, a stretch of ~30 nucleotides is released after which DNA polymerase

δ is loaded by PCNA and fills the remaining gap, which is subsequently sealed by

XRCC1-ligase III (de Laat et al., 1999; Hoeijmakers, 2001; Lindahl and Wood, 1999;

Moser et al., 2007).After repair synthesis and ligation, CAF-1 is recruited to the repair

site to deposit new histones and re-establish the chromatin state (Green andAlmouzni,

2003; Polo et al., 2006).

Although NER has been studied extensively in vitro and in vivo, we are beginning to

understand the kinetics (i.e. temporal organization) of NER complex assembly on a

chromatin template in nuclei of living cells. However, little is known about the spatial

organization of DNA repair in the nucleus. It has been known for many years that the

cell nucleus is a highly compartmentalized structure that contains distinct structural

domains. For example, the nucleus contains chromatin-dense subchromosomal

domains of about 100 – 500 nm that are surrounded by interchromatin space that

contains little or no chromatin (Cremer et al., 2004). Each dense chromatin domain

contains several Mbs of DNA and a chromosome consists of a number of these dense

chromatin domains. The perichromatin region, constituting a shell of partly

decondensed chromatin at the surface of condensed chromatin domains, is a nuclear

domain where replication and transcription mainly take place (Cmarko et al., 1999;

Fakan, 1994; Fakan and van Driel, 2007; Jaunin and Fakan, 2002). Newly replicated

DNA in the perichromatin region is rapidly internalized into the condensed chromatin

area (Jaunin et al., 2000). Polycomb (PcG) proteins are also concentrated in this

compartment, suggesting that PcG-mediated silencing also occurs mainly at the

periphery of condensed chromatin (Cmarko et al., 2003).

In this study we investigate where nucleotide excision repair occurs in the nucleus of

human cells. Our results indicate that the NER proteins XPC and XPA become

significantly enriched in the perichromatin region after global UV-C irradiation. This
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suggests that NER predominantly takes place in the same chromatin compartment

where transcription and replication occur. In addition, we provide evidence for

considerable chromatin decondensation in response to UV-induced DNA damage,

which might facilitate relocation of DNA lesions to the perichromatin region. Together,

our results provide novel insight into the dynamic spatial organization of DNA repair

in the human cell nucleus

Results

Visualisation of DNA damage and NER proteins by fluorescence microscopy

To study whether DNA repair by NER is compartmentalized in the human nucleus or

if it occurs throughout the genome, we have analyzed the nuclear distribution of the

NER proteins XPC and XPA before and after UV-C irradiation at the ultrastructural

level by immuno-gold labeling on ultrathin sections. To this aim, we generated cell

lines stably expressing XPC-EGFP and EGFP-XPA (Politi et al., 2005; Rademakers et

al., 2003). The fusion proteins were expressed in human repair-deficient XP4PA-SV

and XP2OS-SV cells, lacking functional XPC and XPA, respectively. Expression of the

fusion proteins re-established UV-resistance of the cell lines, showing that the EGFP-

tagged NER proteins are functional (Hoogstraten et al., 2003; Rademakers et al., 2003).

Moreover, the nuclear concentration of the fusion proteins was similar to that of the

endogenous proteins in wild type cells (Politi et al., 2005; Rademakers et al., 2003).

The subnuclear distribution of EGFP-tagged NER proteins has been analysed rather

than that of the endogenous proteins, because antibodies against the latter did not

recognize their antigens after embedding and sectioning. In contrast, anti-GFP

antibodies did work well under these conditions. Fig. 1D and H and Fig. 1F and H

show that in formaldehyde fixed cells that are analyzed by light microscopy, anti-EGFP

antibody labeling show precisely the same intranuclear distribution as the intrinsic

fluorescence of XPC and XPA in cells that express XPC-EGFP and EGFP-XPA,

respectively. This validates the use of anti-EGFP antibodies in our studies.

Cells expressing XPC-EGFP and EGFP-XPAwere UV-C irradiated (60 J.m-2) and sub-

sequently immuno-labeled for CPDs, using an anti-CPD antibody (Fig 1A, D) (Mori

et al., 1991). While hardly any signal was detected in control cells, irradiated cells

showed a nuclear signal in every cell (Fig 1A, D), confirming that significant numbers

of CPDs are produced under these conditions. Confocal microscopy showed that within

the resolution of light microscopy, the distribution of EGFP-XPA is homogeneous

throughout the nucleus in UV irradiated and control cells (Fig 1E). In contrast, XPC-

EGFP displayed a typical chromatin-like distribution in irradiated and control cells

(Fig 1B). This is probably due to the affinity of this protein for DNA in general (Shivji

et al., 1994). Global UV-C irradiation did not result in a visible redistribution of these

two repair proteins at the light microscopic level (Fig 1B, E). To show that XPC and
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XPA are engaged in NER after UV-C irradiation, we performed strip-FRAP (Hout-

smuller and Vermeulen, 2001) on globally irradiated cells and control cells.

Significant immobilization of XPC-EGFP (Fig1G) and of EGFP-XPA (Fig 1H) was

detected after UV-C irradiation indicating that a significant fraction of both protein

pools participates in DNA repair under our experimental conditions (see also

(Rademakers et al., 2003).

Ultrastructural distribution of UV-induced DNA lesion.

To analyze the spatial distribution of UV-induced DNA lesions upon global UV-C

irradiation, we used immuno-gold labeling of ultrathin sections with antibodies that

specifically bind to CPDs (Mori et al., 1991). We discriminate between two nuclear

Figure 1.Immunofluorescence and live cell

microscopy. (A). Example of XPC-EGFP

cells immunofluorescently labeled against

CPDs in non-irradiated control cells (left

panel) or 10 minutes after global UV-C

irradiation at 60 J.m-2 (right panel). The

EGFP signal is shown in green (upper

panel) and the anti-CPD staining of the

same cells in red (lower panel). (B).

Example of EGFP-XPA cells immuno

fluorescently labeled against CPDs in non-

irradiated control cells (left panel) or 10

minutes after global UV-C irradiation at 60

J.m-2 (right panel). The EGFP signal is

shown in green (upper panel) and the anti-

CPD staining of the same cells in red

(lower panel). (C) Confocal slice of living

XPC-EGFP cells either non-irradiated

(upper panel) or globally irradiated at 60

J.m-2 (lower panel). (D). Confocal slice of

XPC-EGFP cells immunofluorescently

labeled against EGFP in cells 10 minutes

after global UV-C irradiation at 60 J.m-2.

The intrinsic EGFP signal is shown in

green (upper panel) and the anti-EGFP

staining of the same cell in red (lower

panel). (E) Confocal slice of living EGFP-

XPA cells either non-irradiated (upper

panel) or globally irradiated at 60 J.m-2

(lower panel). (F). Confocal slice of EGFP-

XPA cells immunofluorescently labeled

against EGFP in cells 10 minutes after global UV-C irradiation at 60 J.m-2. The intrinsic EGFP signal is

shown in green (upper panel) and the anti-EGFP staining of the same cell in red (lower panel). (G) Line

scan of the arrows depicted in the upper and lower panel of D, reflecting intrinsic XPC-GFP fluorescence

(green line) and anti-EGFP signal (red line) in the same cell. (H) Line scan of the arrows depicted in the

upper and lower panel of F, reflecting intrinsic EGFP-XPA (green line) fluorescence and anti-EGFP signal

(red line) in the same cell. (I) FRAP analysis of XPC-EGFP in non-irradiated cells (blue line, n = 9) or

globally irradiated cells at 60 J.m-2 (red line, n = 9). (J) FRAP analysis of EGFP-XPA in non-irradiated cells

(blue line, n = 9) or globally irradiated cells at 60 J.m-2 (red line, n = 9).



compartments, condensed chromatin domains and the perichromatin region. The

former are defined as nuclear areas that are relatively weakly contrasted by the EDTA

regressive staining method. The perichromatin region is operationally defined as an

about 80 nm wide shell at the surface of condensed chromatin domains. From the

approximate size of the EGFPmolecule and the primary and secondary antibody it can

be estimated that the gold particle is located somewhere in a sphere of 40 nm around

the antigen. Therefore, this definition includes antigens up to about 80 nm at both sides

of the surface of condensed chromatin domains, including those in dispersed chromatin

and RNP-containing structures, such as perichromatin fibrils and granules, near the

surface.

Global UV irradiation at 60 J.m-2 resulted in a significant increase in CPD labeling

density in the perichromatin region and condensed chromatin domains compared to

non-irradiated control cells, showing that CPDs are present throughout these two

nucleoplasmic domains (Fig 2). Quantitative analysis of the CPD distribution in

condensed chromatin domains and the perichromatin region (defined as an about 80 nm

wide shell at the surface of condensed chromatin domains) shows that the

perichromatin region is two- fold less labeled than condensed chromatin domains (Fig

5A). This is most likely due to the fact that chromatin in the perichromatin region is

more unfolded compared to condensed chromatin domains (Bouchet-Marquis et al.,

2006) (for a review see (Fakan, 2004; Fakan and van Driel, 2007)). These results show

that the perichromatin region contains an about two-fold lower concentration of DNA

lesions compared to dense chromatin domains. Assuming that the probability of UV-
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Figure 2.. Ultrastructural localization of CPDs. Example of a human XP2OS fibroblast immuno-labeled

using a specific antibody against CPDs that has been A) mock-treated and B) fixed 10 min after global

UV-C irradiation at 60 J.m-2. Samples were contrasted with the EDTA regressive technique in order to

reduce the contrast of chromatin. Arrowheads indicate condensed chromatin, arrows designate

perichromatin region. The scale bar is 0.5 µm.



induced DNA damage is the same in both compartments, this indicates an about two-

fold lower concentration of chromatin in the perichromatin region compared to

condensed chromatin domains.

Ultrastructural distribution of protein factors involved in NER

To establish whether DNA repair by NER occurs in specific nuclear regions we have

analyzed the distribution of EGFP-XPA and XPC-EGFP using anti-EGFP antibodies

in non-irradiated cells or after 10 min and 60 min following global UV-C irradiation
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Figure 3. Ultrastructural localization of EGFP-XPAand XPC-EGFP using anti-EGFP antibodies in non-

irradiated and UV-irradiated cells. A) shows an example of an XP2OS EGFP-XPA fibroblast that has

been mock treated. B) shows a nucleus globally irradiated with UV-C at 60 J.m-2. Similarly, C) shows a

XP4PAXPC-EGFP cell that was mock treated and D) UV-C irradiated cell nucleus. The shown examples

were fixed 10 min following UV irradiation. Cell monolayers were fixed in paraformaldehyde and thin

sections were subsequently immuno-labeled with antibodies specific for EGFP. Samples were contrasted

with the EDTA regressive technique in order to reduce the contrast of chromatin. The arrows designate

the perichromatin region and the arrowheads condensed chromatin domains. N indicates the nucleolus.

Scale bar is 0.5 µm.



(60 J.m-2). After UV irradiation, the labeling intensity of XPA in condensed chromatin

domains slightly decreased (Fig 3A,B and Fig 5C), whereas XPC accumulated about

1.5-fold compared to non-irradiated cells (Fig 3C,D and Fig 5C). The UV-induced

accumulation of both proteins in the perichromatin region was between 3 and 6-fold,

which is considerably higher than the accumulation in condensed chromatin domains

(Fig 5B). Since the average chromatin density in the perichromatin region is about 2-

fold lower than in condensed chromatin domains, as can be inferred from the difference

in CPD labeling (see above), this shows that these two NER proteins accumulate (per

unit chromatin) about 10-fold more in the perichromatin region than in condensed

chromatin in response to UV damage. This indicates that about one order of magnitude

more pre-incision complexes are assembled in the perichromatin region than in

compact chromatin domains after UV irradiation. There is no systematic difference

between the labeling at 10 min and at 60 min after UV irradiation (Fig 5B,C), indicating

that the preferential accumulation in the perichromatin region is not due to, for instance,

slow diffusion of proteins into the condensed chromatin domain. Our results indicate

that repair of UV-induced lesions by mammalian NER mainly takes place in the

perichromatin region.
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Figure 4. Increase of dense chromatin areas upon global UV-C irradiation. XP2OS EGFP-XPA cells were

A) mock-treated or B) fixed 10 min after global UV irradiation at 60 J.m-2 and subsequently stained with

osmium ammine to specifically visualize DNA (dark colored). The analyzed sections were collected at the

middle nuclear plane of the cells. IC indicates interchromatin compartment. The scale bar is 1.25 µm.



Expansion of condensed chromatin domains after DNA damage

To establish whether UV irradiation results in detectable changes in large-scale

chromatin structure, we analyzed ultrathin sections of UV irradiated cells using

osmium ammine, a Feulgen-type stain specifically visualizing DNA (Fig 4A,B).

Quantitative evaluation of the surface area of condensed chromatin domains showed

that their surface area increases about 2-fold after UV irradiation compared to non-

irradiated cells, indicating that the increase in volume of the chromatin domains is

about 3-fold (Fig 5D). This is particularly visible in cells fixed 10 min after irradiation,

while after 60 min the increase is somewhat less, probably due to partial repair of the

damaged DNA sites (Fig 5D). An increase in the volume of condensed chromatin

domains is indicative of considerable chromatin decondensation. These results indicate

that UV irradiation triggers a transient decondensation of chromatin.
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Figure 5. Quantitative evaluations of ultrastructural data.A) shows a quantitative evaluation of CPD labeling

density in irradiated cells either 10 min (n= 9) or 1 h (n=10) following irradiation in i) condensed chromatin

domains (orange bars) and ii) perichromatin region (blue bars). Values were corrected for residual labeling

in non-irradiated cells (n=20). The values represent the average gold grain number per μm2 nuclear surface

area ± SEM. B and C) show a quantitative evaluation of EGFP-XPA (blue bars) and XPC-EGFP (orange

bars) labeling density (gold particles per µm2 nuclear area) in the perichromatin region (PR) shown in B)

or in condensed chromatin domains shown in C). The labeling density was determined in non-irradiated

cells (n=20 for XPC and XPA), and in nuclei 10 min (n=15 for XPC and XPA) and 1 hr (n=15 for XPC and

XPA) following irradiation. Values represent the average ± SEM. D) shows a quantitative evaluation of the

fraction of the nucleus occupied by condensed chromatin domains (%) before (n=29) and after global UV

irradiation at 60 J.m-2 determined 10 min (n=15) or 1 hr (n=15) following UV exposure. The values represent

the mean ± SEM. NoDa: no UV irradiation. GloDa: after global UV irradiation



Discussion
The results presented in this study indicate that nucleotide excision repair in human

cells takes place predominantly in the perichromatin region, an about 100 nm wide

area on the border of compact chromatin domains in the interphase nucleus (Fakan

and van Driel, 2007). Transcription and replication have also been shown to be

concentrated in this nuclear region (Cmarko et al., 1999; Fakan and van Driel, 2007;

Jaunin and Fakan, 2002; Jaunin et al., 2000). We have used immuno-electron

microscopy to identify the spatial distribution of UV-induced lesions (CPDs) and two

core NER proteins, i.e. the NER damage-recognition protein XPC and the NER protein

XPA, which play a crucial role in damage verification and regulation of dual incision

during NER (Missura et al., 2001; Sugasawa et al., 1998; Volker et al., 2001). By using

cell lines that stably express fluorescent protein tagged XPC and XPA (XPC-EGFP

and EGFP-XPA), we have carried out light microscopic and electron microscopic

studies in parallel. The light microscopic observations support the electron microscopic

data, as far as the resolution of the former allows. FRAP experiments show that after

global UV-C irradiation a substantial fraction of the XPC and XPAmolecules is bound

to UV-damaged chromatin (Fig 1). High-resolution electron microscopic analysis

revealed that accumulation of repair factors occurs preferentially in the perichromatin

region, suggesting that this is the main site of assembly of the NER protein complex

(Fig 3 and Fig 5B).

The distribution of XPC at the light microscopic level is similar to that of chromatin

in non-irradiated cells (Fig 1B), reflecting its affinity for undamaged DNA (Shivji et

al., 1994; Sugasawa et al., 1998). In contrast, XPA is diffusely distributed throughout

the nucleoplasm (Fig 1E; Rademakers et al., 2003). As expected, immuno-gold

labeling shows that after UV irradiation CPDs are present throughout the condensed

chromatin domains and in the perichromatin region (Fig 2 and Fig 5A) (Gazave et al.,

2005). The concentration of damage-recognition protein XPC in the condensed

chromatin domains increases about 2-fold in the first 10 min after UV exposure, most

probably reflecting its binding to 6-4 photoproducts (Fig 5B). In agreement with this

notion, live cell experiments have shown that under these experimental conditions a

maximal amount of the XPC protein pool (~25%) is bound to damaged DNA

(Vermeulen, unpublished). Given the fact that in these cells roughly 20% of the nucleus

is occupied by condensed chromatin domains (Fig 4 and Fig 5D), we can estimate that

a 2 to 3-fold increase in XPC concentration in condensed chromatin domains after

global UV irradiation can be expected, which is also what we measure (see Material

andMethods). No significant increase in XPAbinding in condensed chromatin domains

is observed, despite the fact that under these conditions about 30% of the XPA

molecules are bound to damaged DNA sites (Rademakers et al., 2003). In contrast,

both XPC and XPAaccumulate between 3 and 6-fold in the perichromatin region (Fig.

5B). This is an underestimate of the real accumulation per unit chromatin, since
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chromatin in the perichromatin region is more decondensed, resulting in a lower local

chromatin concentration.Assuming that the CPD concentration is a crude measure for

the chromatin concentration, we find that the chromatin concentration in condensed

chromatin domains is about 2- fold higher compared to the perichromatin region (Fig

5A). This indicates a 10-fold increase in XPC and XPA binding per unit chromatin in

the perichromatin region. Therefore, our results reveal that at least one order of

magnitude more pre-incision NER complexes are assembled in this subchromosomal

region in response to UV damage than in condensed chromatin domains. XPC

accumulation in condensed chromatin is considerably lower than in the perichromatin

region (~2-fold enrichment compared to non-irradiated cells), whereas no enrichment

of XPA is detected here. Since XPC is exclusively involved in global genomic NER

(GGR) (van Hoffen et al., 1995), our results suggest that GGR predominantly takes

place in the perichromatin region. As most transcription takes place in the peri

chromatin region it might be expected that transcription-coupled NER also occurs in

this region. During the first sixty minutes after UV irradiation the amount and

distribution of bound XPC and XPA hardly changes (Fig 5B,C) and the concentration

of damaged sites hardly decreases (Fig 5A). Since under our experimental conditions

the number of UV-induced DNA lesions is high compared to the number of available

NER proteins, one does indeed expect only a moderate decrease in the number of CPDs

(Moser et al., 2005; van Hoffen et al., 1995).

Our results suggest that UV-induced DNA lesions are detected by XPC throughout the

condensed chromatin domains, but that the pre-incision NER complex is assembled

predominantly in the perichromatin region, i.e. at or near the surface of the condensed

chromatin domains. This implies that damaged sites are translocated to the surface of

condensed chromatin domains. Although the mechanism of this process is not known,

it may be the same as that used for relocating replicating DNA transiently to the peri-

chromatin region and newly synthesized DNA back into the condensed chromatin

domain (Jaunin et al., 2000). The need for translocation to the perichromatin region

may explain in part why TCR is much faster than GGR (Bohr et al., 1985; Mellon et

al., 1987), since active genes are predominantly located in the perichromatin area and

do not need translocation. We observe an about three-fold increase in volume of

condensed chromatin domains after UV irradiation, reflecting a considerable deconden-

sation of the chromatin fiber. It is tempting to speculate that this decondensation is

required for the relocation of damaged chromatin. Several studies suggested

considerable decondensation of chromatin upon induction of UV-induced DNA

damage or formation of double-strand breaks (Carrier et al., 1999; Kruhlak et al., 2006;

Murga et al., 2007; Rubbi and Milner, 2003; Wang et al., 2006; Ziv et al., 2006), and

chromatin relaxation thus might be a more general response to DNA damage.

Chromatin decondensation in response to UV irradiation has been suggested to depend

on p53 (Rubbi and Milner, 2003), the small acidic GADD45 protein (Carrier et al.,
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1999) and members of the ING tumor suppressor family (Kuo et al., 2007;Wang et al.,

2006). In this study, we demonstrate a substantial enlargement of condensed chromatin

domains in UV-irradiated human cells reflecting considerable chromatin deconden

sation. It cannot be excluded that in addition local chromatin condensation might take

place possibly caused by inhibition of transcription due to the presence of UV lesions

(Monéet al., 2001). Together, our study provides novel insight into the spatial

organization of the DNArepair process by NER. Major changes in chromatin structure

seem to occur after the detection of UV-damaged sites, followed by translocating

damaged DNA sites to the perichromatin region. The molecular mechanism of this

process is unclear. It likely involves binding of XPC, which shows a significant

accumulation inside condensed chromatin domains after UV irradiation.Alternatively,

the UV-DDB protein complex may be involved, which is required for CPD repair and

binds rapidly to UV-induced DNA lesions (Dualan et al., 1995; Luijsterburg et al.,

2007; Takao et al., 1993). It is conceivable that UV-DDB is required to facilitate

translocation of CPDs to the perichromatin region.

This study, together with previous work, establishes that major chromatin-associated

processes, such as transcription, replication, Polycomb-mediated gene silencing and

DNA repair, preferentially occur at the interface between condensed chromatin

domains and the interchromatin space, i.e. the perichromatin region. They raise the

fundamental question what mechanisms are involved in translocating DNA lesions to

the perichromatin region and probably back again into condensed chromatin domains

after repair. It is likely that it is similar to the mechanism responsible for the movement

of replicating DNA. Together, our results add a spatial dimension to our understanding

of NER in the human cell nucleus, revealing that the spatiotemporal organization of an

essential chromatin-association process is more complex than anticipated.

Materials and Methods

Cell lines and culture conditions. Cell lines used in this study were human XPC deficient fibroblasts

(XP4PA-SV) expressing XPC-EGFP (Politi et al., 2005) and human XPAdeficient fibroblasts (XP2OS-SV)

expressing EGFP-XPA (Rademakers et al., 2003). The cell lines were cultured in a 1:1 mixture of

DMEM/Ham’s F10 medium.All media contained glutamine (Gibco, Breda, The Netherlands), were supple-

mented with antibiotics and 10% FCS, and all cells were cultured at 37°C in an atmosphere of 5% CO2.

Global UV-C irradiation. For all experiments, cells were irradiated with a UV-C source containing four UV

lamps (TUV 9W PL-S; Philips, Eindhoven, The Netherlands). The UV dose rate was 1.48 W.m-2 at 254 nm

as measured with an SHD 240/W detector connected to an IL 1700 radiometer (International Light Techno-

logies, Peabody, MA, USA). For induction of global UV-C damage, cells were rinsed with phosphate buf-

fered saline (PBS) and irradiated for 40 seconds resulting in a UV dose of 60 J.m-2. Control cells were

mock-treated.

Immunolabeling for fluorescence microscopy. Cells were fixed with 4% formaldehyde in PBS for 15 min

at 4°C, permeabilized in 0.5% Triton X-100 (Serva, Heidelberg, Germany) in PBS for 5 min, and incubated

with 100 mM glycine in PBS for 10 min to block unreacted aldehyde groups. Cells were rinsed with PB (130

mMKCl, 10 mMNa2HPO4 and 2.5 mMMgCl2 pH 7.4) and equilibrated inWB (PB containing 0.5% BSA,
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0.2% gelatin and 0.05% Tween 20; Sigma-Aldrich, St. Louis, MO. USA). Antibody steps and washes were

inWB. EGFP labeling was carried out using a rabbit polyclonalAb against EGFP (1:5000; Eusera, Edmon-

ton, Alberta, Canada), and detection was by donkey anti-rabbit Ig coupled to Cy3 (1:500; Jackson Immu-

noResearch Laboratories,West Grove, Pennsylvania). Immunolabeling of CPDs was performed using mouse

monoclonalAb TDM-2 (Mori et al., 1991). For this, the above steps were repeated, but prior to labeling DNA

was denatured with 2 M HCl for 30 min at 37°C and blocked in 10% BSA in PB for 15 min. Detection was

done using donkey anti-mouse Ig coupled to Cy3 (1:500 ; Jackson ImmunoResearch Laboratories). Samples

were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA).

Fluorescence microscopy. Fluorescence microscopy was performed on a Zeiss Axiovert 200M widefield

fluorescence microscope, equipped with a 100x Plan-Apochromat (1.4 NA) oil immersion lens (Zeiss, Ober-

kochen, Germany) and a Cairn Xenon Arc lamp with monochromator (Cairn research, Kent, U.K.) Images

were recorded with a cooled CCD camera (Coolsnap HQ, Roper Scientific, USA).A 375-490 excitation fil-

ter, 490 dichroic mirror and 525-40 band-pass emission filter was used for EGFP imaging (monochromator:

470 nm ± 20 nm) and a 375-580 excitation filter, 585 dichroic mirror and 620-60 band-pass emission filter

was used for Cy3 imaging (monochromator: 550 nm ± 20 nm). Confocal fluorescence microscopy was per-

formed on a Zeiss LSM 510 confocal microscope, equipped with a 63x Plan-A (1.4 NA) oil immersion lens

(Zeiss, Oberkochen, Germany) and a 60 mWArgon laser (488 and 514 nm).

Fluorescence recovery after photobleaching (FRAP). FRAP analysis was used to measure the mobility of

XPC-EGFP and EGFP-XPA as described by Houtsmuller and co-workers (Hoogstraten et al., 2002; Hout-

smuller et al., 1999; Rademakers et al., 2003; Zotter et al., 2006). Briefly, a strip of 512x50 pixels was

imaged with 38 ms per frame at zoom 8 (1 pixel is 0.04 µm by 0.04 µm).After 5-8 images, a strip of 512x40

pixels was bleached by applying 5 scans at maximal 488 nm and 514 nm laser intensity (AOTF 100%, total

time 160 ms) and the fluorescence recovery was acquired by scanning at least 100 images. The data was cor-

rected for background fluorescence and normalized to pre-bleach intensity. FRAP experiments were perfor-

med on a Zeiss LSM 510 confocal microscope, equipped with a 63x Plan-A (1.4 NA) oil immersion lens

(Zeiss, Oberkochen, Germany) and a 60 mWArgon laser (488 and 514 nm). The LSM510 was equipped with

an objective heater and cells were examined in microscopy medium (137 mM NaCl, 5.4 mM KCl, 1,8 mM

CaCl2, 0.8 mM MgSO4, 20 mM D-glucose and 20 mM HEPES) at 37°C.

Sample preparation for electron microscopy. Cell monolayers on round coverslips (diam. 12 mm) were

quickly washed in DMEM without FCS and fixed in situ with 4% paraformaldehyde in 0.1 M Sörensen

phosphate buffer (pH 7.4) for 1 h at 4 °C.After washing at 4 °C in the same buffer to remove unbound fixa-

tive, the specimens were dehydrated in increasing concentrations of ethanol and subsequently infiltrated

with London ResinWhite (LRWhite, London resin company limited, Berkshire, England). Coverslips were

attached to LRWhite resin-filled capsules and allowed to polymerize for 48 h at 60 °C. The embedded cells

were separated from the coverslips by a short treatment with liquid nitrogen and cut parallel to the coverslip

surface with a diamond knife using a Leica Ultracut UCT ultramicrotome. Ultrathin sections were mounted

on Formvar-carbon-coated nickel grids (EMS, Warrington, PA, USA) and processed for immunogold labe-

ling or placed on uncoated gold grids for osmium ammine staining.

Immunogold labeling for electron microscopy. Ultrathin section were preincubated on a drop of 1% normal

goat serum (NGS, Nordic Immunology Laboratories, Tilburg, The Netherlands) in PBS for 3 min at room

temperature. Incubation with anti-EGFP polyclonal primary antibodies diluted (1:100) in PBS containing

0.1% bovine serum albumin (BSA, Fluka, Buchs, Switzerland) and 0.05% Tween 20 (Sigma-Aldrich, St.

Louis, MO, USA) was carried out for 17h at 4° C in a humid chamber. After rinsing with PBS/Tween and

incubating with PBS for 15 min, grids were treated again with NGS as above and labeled for 30 min at room

temperature with colloidal gold particle-conjugated secondary antibodies diluted in PBS. Detection of the

polyclonal anti-EGFPAb was done by incubating the grids with a goat anti-rabbit (Aurion,Wageningen, The

Netherlands) coupled with 15 nm colloidal gold particles (1:3 in PBS; Aurion, Wageningen, The Nether-

lands). Grids were finally rinsed with PBS and ultrapure water and subsequently air-dried. For CPD detec-

tion, ultrathin sections were treated with 3 M HCl for 20 min at room temperature to denature dsDNA.After

washing with water, sections were immunolabelled with a mouse monoclonal anti-CPD antibody (Kamiya

Biomedical Company, Seattle, WA, USA) diluted 1/800, using the protocol described above. Detection was

carried out using a goat anti-mouse IgG antibody conjugated with 15 nm colloidal gold particles (Aurion)

diluted 1/3 in PBS. As controls of labeling specificity, some grids were treated as above except that the

95

Spatial organization of NER



primary antibody was omitted.

Most preparations were stained with the EDTA regressive technique differential for nuclear nucleoprotein

constituents (Bernhard, 1969) in a way which kept chromatin weakly contrasted. They were first stained with

5% uranyl acetate for 1 min, then treated for 3 min with 0.02 M EDTA, and finally with lead citrate for 1

min. To better evaluate if there were differences in the chromatin area between the irradiated and non-irra-

diated cells, some thin sections were stained using a Feulgen type reaction specific for DNA (Cogliati and

Gautier, 1973). They were placed on uncoated gold grids, hydrolyzed with 5N HCl for 20 min at room tem-

perature, rinsed with distilled water and stained with 0.2% osmium ammine solution (saturated with SO2)

for 1 h at room temperature. Electron micrographs were acquired with a Philips CM 12 or CM 10 electron

microscopes operating at 80 kV, using a 30- to 40-μm objective aperture.

Quantification of CPD and of NER protein distribution. To determine the nuclear distribution of CPDs

and repair proteins, we have quantified the signal obtained with anti-CPD antibodies and anti-EGFP anti-

bodies as described above. Electron micrographs were acquired at a final magnification of x31000, using a

CCDMorada camera (Olympus Soft Imaging System, Lakewood, CO, USA). The signal in two nuclear re-

gions was quantified: i) condensed chromatin domains (CC) and ii) the perichromatin region (PR). The PR

was arbitrarily defined as a layer of 100 nm width, 50 nm on each side of the border of condensed chromatin

domains. The labeling intensity of CPDs and repair proteins was expressed as the number of gold particles

found in each subnuclear compartment per surface area of the cell nucleus (μm2). This allows averaging of

data obtained for different nuclei. The surface area of the nucleus was determined morphometrically using

NIH ImageJ 1.34 software (Office of Research Services, Bethesda, MD, USA). The difference in surface area

of condensed chromatin domains upon UV irradiation was quantified morphometrically also using NIH

ImageJ software. The surface area of condensed chromatin domains was expressed as fraction of the surface

area of the whole nucleus.

Estimating the expected accumulation of XPC in dense chromatin domains. The expression level of

XPC-EGFP is similar to that of endogenous XPC in wild-type cells and is roughly 25,000 molecules (Araujo

et al., 2001). About 20% of the nucleus is occupied by dense chromatin domains (Fig 4), meaning that if

homogenously distributed there will be ~5,000 molecules in dense chromatin domains in non-irradiated

cells. Global UV irradiation caused about 25% of the XPC-EGFP pool to be immobilized (Vermeulen, un-

published results) corresponding to 6,250 molecules that would accumulate in dense chromatin domains on

top of the 5,000 already present. Thus, the expected increase of XPC in dense chromatin domains is 6,250

+ 5,000 = 11,250/5,000 = 2.25-fold increase. The measured increase in dense chromatin domains is about

2-fold, which corresponds well with the expected value.
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