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Abstract
The XPB DNA helicase, a subunit of the basal transcription factor TFIIH, is also involved in
nucleotide excision repair (NER). We examined recruitment of NER proteins in XP-B cells from
patients with mild or severe xeroderma pigmentosum (XP) having different XPB mutations using
local UV-irradiation through filters with 5 µm pores combined with fluorescent antibody labeling.
XPC was rapidly recruited to UV damage sites containing DNA photoproducts (cyclobutane
pyrimidine dimers, CPD) in all the XP-B and normal cells, thus reflecting its role in damage
recognition prior to the function of XPB. Cells from the mild XP-B patients, with a missense
mutation, showed delayed recruitment of all NER proteins except XPC to UV damage sites,
demonstrating that this mutation impaired localization of these proteins. Surprisingly, in cells from
severely affected patients, with a C-terminal XPB mutation, XPG and XPA proteins were
normally recruited to UV damage sites demonstrating that this mutation permits recruitment of
XPG and XPA. In marked contrast, in all the XP-B cells recruitment of XPF was absent
immediately after UV and was delayed by 0.5 and 3h in cells from the mild and severely affected
XP patients, respectively. Redistribution of NER proteins was nearly complete in normal cells by
3h but by 24h redistribution was only partially present in cells from mild patients and virtually
absent in cells from the severely affected patients. Ineffectual repair of UV-induced photoproducts
resulting from delayed recruitment and impaired redistribution of NER proteins may contribute to
the markedly increased frequency of skin cancer in XP patients.
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1. Introduction
Nucleotide excision repair (NER) removes a wide range of DNA lesions caused by
ultraviolet (UV)-induced photoproducts and some chemical mutagens [1,2]. Two major
photoproducts induced by UV-irradiation are cyclobutane pyrimidine dimers (CPD) and 6-
pyrimidine–4-pyrimidone photoproducts (6–4PP). The NER system involves two distinct
pathways: transcription-coupled repair (TCR), which rapidly removes lesions from the
transcribed strand of active genes, and global genome repair (GGR), which processes lesions
in the non-transcribed strand of active genes and from DNA of the genome overall [3].
Removal of damaged DNA by NER is a multistep process involving recognition of the DNA
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damage followed by opening up of the DNA helix around the lesion, dual incision, and
subsequent excision of the oligonucleotide containing the DNA lesion [4–8].

Xeroderma pigmentosum (XP) and Cockayne syndrome (CS), autosomal recessive diseases,
are associated with defects in NER of DNA damage [1,4]. Defects in XP have been assigned
to seven complementation groups (XP-A through XP-G) corresponding to proteins involved
in different stages of the NER. Another form, the XP variant has a defect in DNA
polymerase eta. The human XPB DNA helicase is a gene which is essential to life [4]. XPB
is a component of the basal transcription factor TFIIH and is also involved in the early steps
of NER. TFIIH is composed of a 10-subunit protein complex that opens the DNA in the
context of transcription initiation and NER [4].

The clinical phenotype of the patients with XPB gene mutations is varied. While three
patients had severe XP/CS syndrome complex, two siblings have mild XP with only
deafness without CS, and two other siblings had mild XP/CS complex [9]. The mild patients
had the same missense mutation (c.296T > C, p.F99S) in one allele and different nonsense
mutations in the other allele [9]. The severe patients had the same splice mutation (c.
2218-6C > A, p.Q739insX42) resulting in alteration of the C-terminal 41 amino acids and
deletion of the final amino acid. They had different nonsense mutations in the second allele
[9]. We used these cells to examine the order of assembly of NER proteins at sites of UV
damage. Our findings indicate that there is a complex relationship between the XPB protein
and the recruitment and redistribution of XPG, XPA and XPF proteins.

2. Materials and methods
2.1. Cell lines, and culture conditions isolation

Normal skin fibroblasts (AG13145) and XP-B cells from XP patients with mild disease
(XP33BR-GM21071 and XPCS1BA-GM13025) or with the severe XP/CS complex
(XP131MA-GM21153 and XP183MA-GM21072) [9,10], or with mutations in the XPC
(XP21BE-GM09943) [11] and XPG (XP96TA-GM16180) [12] genes were obtained from
the Human Genetic Mutant Cell Repository, Camden, NJ. XP-A (XP315BE) cells with a
deletion in exon 3 [13] were established by NCI. The cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM; Invitrogen Corp.) containing 40 mM glutamine, and 10%
fetal bovine serum (FBS; Invitrogen Corp.) in an 8% CO2 humidified incubator at 37 °C.

2.2. ELISA
Confluent human normal and XP-B fibroblasts were irradiated with 10 J/m2 UVC from a
germicidal lamp and incubated for various time periods. Repair of 6–4PP and CPD was
determined using an ELISA assay with TDM-2 and 6-4M-2 monoclonal antibodies as
described previously [14–17].

2.3. Cell culture and local UV-irradiation
Normal and XP patient cells were grown for 3 days to allow efficient uptake of the different
size of beads (Carboxylate Microspheres, Polysciences): normal fibroblasts, 0.8 µm; XPB
cells, 2.0 µm. Cells with different sized beads were grown (in a 1:1 ratio) for 1 day on
coverslips in a culture dish [18]. The cells on coverslips were covered with an isopore
polycarbonate filter with pores of 5 µm diameter (Millipore) during UV-irradiation [15].
Subsequently, the filter was removed, and the cells were incubated under normal culture
conditions for appropriate post-irradiation incubation times.
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2.4. Immunofluorescence
Cells were fixed in 1.6% formaldehyde for 20 min at room temperature and permeabilized
by PBS/0.5% Triton X-100 for 10 min on ice. After washing with PBS, the cells were
incubated for 1h with pairs of primary antibodies (one monoclonal antibody and one
polyclonal antibody). Then cells were incubated with Alexa Flour 488 (green) goat anti-
rabbit IgG conjugate for staining polyclonal antibodies or Alexa Flour 568 (red) goat anti-
mouse IgG conjugate for staining monoclonal antibodies (Molecular Probes, Eugene, OR) at
room temperature for 1h [19].

For double staining of NER proteins together with DNA photoproducts, the cells were
sequentially labeled with an NER primary polyclonal antibody and Alexa Fluor 488 goat
anti-rabbit IgG conjugate [20]. Antigen–antibody complexes were fixed with 1.6%
formaldehyde for 10 min, and DNA was denatured with 2N HCL at room temperate for 20
min [21]. Cells were then labeled with TDM-2 and Alexa Flour 568 goat anti-mouse IgG.
Cells were mounted in mounting medium containing 4′-6′-diamidino-2-phenylindole
(DAPI) as a DNA counter stain (Vector Laboratories, Burlingame, CA). Fluorescence
images were obtained using LSM 510 Confocal microscope (Carl Zeiss).

The number of nuclei containing at least one localized area of immunofluorescence was
determined by examination of the confocal images. A total of at least 100 nuclei were scored
for each incubation time point for localized area quantification. The ratio of NER areas to
CPD areas was determined upon scoring >100 individual nuclei for merged fluorescent
signals of NER areas and CPD areas.

2.5. Antibodies
Primary rabbit polyclonal antibodies used were anti-XPA (Santa Cruz, 1:50), anti-XPB
(Santa Cruz, 1:100), anti-XPC (1:100, a gift from N.G.J. Jaspers, Rotterdam, The
Netherlands), and anti-XPD (Santa Cruz, 1:100). Primary mouse monoclonal antibodies
used were anti-XPG (Santa Cruz, 1:100), anti-XPF (NeoMarkers, 1:100), anti-CPD
(TDM-2, 1:1500) and anti-6–4PP 1:200, (both gifts from T. Mori, Nara, Japan).

2.6. Cell transfection
Exponentially growing normal and XP183MA cells were plated prior to plasmid
transfection. Cells were transiently transfected with lipofectamine (Invitrogen Co.) for 5h
with either pSGM5 empty vector or normal pSG5M/XPBcDNA (a gift from W. Vermeulen,
Rotterdam, The Netherlands). After 48h post-incubation, transfected cells were analyzed by
Western blot and immunofluorescence staining [9].

3. Results
3.1. Reduced repair of photoproducts in XP-B cells

For the determination of DNA repair kinetics, we measured the removal of the 6–4PP (Fig.
1A) and CPD (Fig. 1B) in XP-B and normal cells at various times after UV-irradiation using
the ELISA. As noted previously [15,22] in normal cells, almost 95% of 6–4PP were
removed at 3h post-UV-irradiation. In contrast, we found that cells from the XP-B patients
removed only 7–30% of 6–4PP at this time. At 24h post-UV, cells from the severely
affected XP/CS complex XP131MA and XP183MA patients removed 40–50% of 6–4PP,
whereas cells from mildly affected XPCS1BA and XP33BR patients removed 75–90% of 6–
4PP.

As previously reported [15,22], in normal cells the rate of CPD repair was slower than that
of 6–4PP with only 75% removed at 24h post-UV. We found that by 24h only 15–20% of
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the CPD were removed from cells from the severely affected XP131MA and XP183MA
patients while 30–45% of the CPD were removed from cells from the milder XPCS1BA and
XP33BR patients (Fig. 1B).

3.2. Delayed recruitment of NER proteins to damage sites in cells from mildly affected
patients

To determine whether UV-irradiation leads to intranuclear translocation of repair proteins to
the sites of DNA damage, we investigated the recruitment of the NER proteins to sites of
damage using a local UV-irradiation technique combined with fluorescent antibody labeling,
as described previously [9,15,18,21]. Immunofluorescent double labeling was performed
using an antibody against CPD and antibodies against XPC, XPD, XPG, XPA or XPF.
Immediately (<0.1 h) after UV-irradiation, normal and XP-B cells showed localized areas in
the nuclei, which were positive for CPD staining (Figs. 2A and B, and 3A). In normal cells
the NER proteins (XPC, XPG, XPA, XPD and XPF) (Figs. 2A and B, and 3A) and XPB
(data not shown) rapidly co-localized to the CPD positive regions immediately after
localized UV exposure. In the mild XPB cells, XPC protein was localized immediately after
UV exposure (Figs. 2A and 3A). In contrast, the NER proteins XPG, XPA, XPD and XPF
were not recruited to damage sites in XP33BR (Figs. 2A and 3A) and XPCS1BA cells (Fig.
3A) at this time. The recruitment of XPG, XPA, XPD and XPF was observed in XP33BR
and XPCS1BA cells 30 min after local UV damage. We counted the proportion of cells
containing one or more positive areas of CPD or NER proteins immediately (<0.1 h), 0.5, 3
and 24h after local UV-irradiation in XP33BR, XPCS1BA and normal cells (Fig. 3A–D).
Immediately after UV exposure about 75–80% of the normal cells showed positive areas for
CPD as well as for XPC, XPG, XPA, XPD and XPF proteins. In contrast, immediately after
UV exposure the cells from the mild XPB patients showed about 75–90% positive cells with
CPD and XPC protein but had 0–3% positive for XPG, XPA, XPD or XPF proteins. At the
0.5h time point, the proportion of cells that were positive for NER proteins remained about
70–80% in the normal cells. At 0.5 h, 64–93% of the cells from the mild XPB patients were
positive for NER proteins XPG, XPA, XPD and XPF demonstrating an approximately 30
min delay in recruitment of these proteins. These results indicate that the reduced
functioning of XPB in these cells resulted in low levels of TFIIH [9,23,24] with impaired
recruitment of XPG, XPA XPD and XPF but not XPC proteins.

3.3. Normal recruitment of XPG and XPA in cells from severely affected patients
Cells from severely affected XP183MA and XP131MA cells have mutations that would
produce a 781 amino acid protein with alteration of the 42 last C-terminal amino acids from
one allele and premature termination codons from the other allele [9]. As in the cells from
the mild patients, XPC protein was normally recruited after localized UV in XP183MA cells
(Figs. 2B and 3A). In contrast to the absence of recruitment of XPG and XPA proteins in the
cells from the mild patients, XPG and XPA proteins were normally recruited to the damage
sites immediately after local UV damage in cells from the severe patients (Figs. 2B and 3A).
There were 64–84% of the XP131MA and XP183MA cells that showed localized areas of
XPG and XPA proteins immediately after UV exposure. Thus, this alteration of XPB
helicase protein did not impair recruitment of XPG and XPA to sites of UV damage.

However, XPD and XPF proteins showed very little recruitment immediately after UV with
8% of cells showing XPD positive areas and 2–4% showing XPF positive areas (Figs. 2B
and 3A). By 0.5h the proportion of cells showing XPD protein increased to normal levels
(64–78%). However, the proportion of cells showing XPF recruitment was only 2–12% at
0.5h in the cells from the severely affected patients. By 3h post-UV, 43–71% of the cells
from the severely affected patients showed XPF positive areas. XPC and XPF strongly co-
localized 3h after UV (data not shown). Our results indicate that the XPB mutations in these
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cells resulted in reduced levels of TFIIH [9,23,24] with partial delay of recruitment of XPD
and marked delay of XPF to sites of UV-induced DNA damage.

3.4. Over-expression of XPB protein in cells from severely affected patient restores XPF
recruitment

Cells from the severe XP/CS patient XP183MA encode XPB protein that was not detectable
by immunofluorescence or Western blotting using an antibody to the C-terminal region (Fig.
4A). Immediately (<0.1 h) after UV exposure, in contrast to normal cells, the recruitment of
XPB and XPF proteins was not seen in XP183MA cells (Figs. 2B and 4B). To examine
whether the rapid recruitment of XPF required XPB, a plasmid containing wild-type XPB
cDNA was transfected into XP183MA and normal cells in a transient transfection assay. In
transfected XP183MA cells, over-expressed XPB proteins were detected by Western
blotting (Fig. 4A) and were visible through the whole nucleus using immunofluorescence
(data not shown). XPF proteins were recruited immediately after local UV damage to sites in
the cells expressing wild-type XPB cDNA(Fig. 4C). Thus, over-expression of the XPB
protein restored the ability of the cells from the severely affected patient to recruit XPF
protein to sites of UV damage.

3.5. Effect of XPG and XPA mutations on recruitment of XPB and other NER proteins
Since mutations in the XPB gene affected recruitment of XPG and XPA proteins to sites of
localized UV damage, we investigated the effect of mutations in the XPG and XPA genes on
immediate (<0.1 h) recruitment of XPB to sites of localized UV damage (Fig. 5). Cells with
a homozygous frameshift mutation in the XPG gene (XP96TA) [12] from a severely
affected XP/CS patient showed normal recruitment of XPB as well as XPC, XPA and XPF
proteins to the site of localized UV damage (Fig. 5, top row). As expected, since these cells
had no detectable XPG mRNA on Northern blotting [12], there was no staining with XPG
antibody (Fig. 5, top row). These findings for XPB recruitment are similar to those
previously reported for another XPG cell line [25]. Cells with a mutation in the XPA gene
(XP315BE) [13] from a mildly affected XP patient showed normal recruitment of XPB as
well as XPC and XPG proteins to the site of localized UV damage and reduced recruitment
of XPF protein (Fig. 5, middle row.) These findings are similar to those previously reported
for another XPA cell line [19]. These cells have reduced XPA staining without localization
to the site of UV damage (Fig. 5, middle row). The normal cells showed recruitment of
XPC, XPG, XPA, XPB and XPF proteins immediately after UV exposure. As in Fig. 2B, the
cells from the severely affected XPB patient (XP131MA) showed normal recruitment of
XPC, XPG, and XPA immediately after UV exposure and no recruitment of XPF protein. As
expected from the mutations in the XPB gene [9] there was no staining with the C-terminal
XPB antibody (Fig. 5, bottom row).

3.6. Impaired redistribution of NER proteins from sites of UV damage in XP-B cells
To investigate whether the rapid redistribution of NER factors after accumulation at damage
sites is due to the completion of damage repair, we measured the percentage of cells with
positive immunofluorescent areas at different times after UV exposure (Fig. 3A–D). In
normal cells, NER proteins were recruited to damage sites immediately after localized UV
damage. By 3h after UV, 6–20% of the normal cells showed localized NER proteins and by
24h these proteins were localized in only 0.2–1% of the normal cells. However, as reported
previously [15,22] CPD staining was present in about 50% of the normal cells at 24h after
UV exposure (Fig. 3D). This correlated with the persistence of CPD in the normal cells as
measured by the ELISA assay at 24h (Fig. 1B), a time when there were no detectable 6–4
photoproducts in these cells (Fig. 1A).
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In marked contrast to the normal cells, NER proteins in the XP-B cells remained localized at
damage sites even 24h after local UV-irradiation (Figs. 2A and B, and 3D). Thus, 54–78%
of the XP-B cells were positive for XPC protein at 24 h. A similar proportion (60–80%) of
the XP-B cells were positive for CPD staining at 24 h. Cells from the severely affected XPB
patients showed a greater proportion of cells with XPG, XPA, XPD and XPF proteins (40–
83%) than the cells from the milder patients (10–50%) at 24 h. The ratio of NER protein
immunofluorescent areas per nucleus versus CPD positive immunofluorescent areas per
nucleus also confirmed these results (data not shown). These results indicate that persistence
of XPG, XPA, XPD and XPF proteins to sites of damage may be associated with clinical
severity of XP-B patients.

4. Discussion
4.1. Reduced repair of photoproducts in XP-B cells: the levels of repaired CPD and 6–4PP
correlate with clinical severity

Cells from the milder XP-B patients (XP/CS1BA and XP33BR) have the same heterozygous
single base substitution in exon 3 (c.296 T > C, p.F99S) [9,26]. However, this missense
mutation is not located in the essential core region of XPB (amino acids 243–686 [27]). A
cDNA expression vector with this mutation showed partial DNA repair function [9]. The
level of full length XPB protein as assessed by C-terminal XPB antibody was about half of
normal in these XP-B cells [9]. The second allele in each of these patients coded for
nonsense mutations [9] which likely would not be expressed due to nonsense mediated
mRNA decay [28].

Cells from the severely affected XP/CS complex patients (XP131MA and XP183MA) both
have the same splice acceptor site mutation in intron 14 in one allele leading to a 781 amino
acid protein with alteration of the 42 last C-terminal amino acids. Thus, an antibody to the
N-terminal portion of XPB showed about 63–65% of normal levels of protein in cells from
the severe patients while an antibody to the C-terminal portion revealed no detectable
normal sized XPB protein [9]. This mutation leads to a severe defect in NER and subtle
transcription defects in XP11BE [9,29–31]. The C-terminal end of XPB interacts with
ERCC1-XPF which makes a incision 5′ to the DNA lesion [4,32,33]. The XP131MA cells
have an impaired helix opening in NER [32]. These severe XPB/CS cells also had nonsense
mutations in the second allele [9] which likely would not be expressed due to nonsense-
mediated mRNA decay [28].

As in earlier studies [24], all the XP-B cells we studied were deficient in the repair of UV-
induced CPD and 6–4PP photoproducts (Fig. 1). However, the levels of repair of 6–4PP and
CPD in cells from the milder patients were substantially greater than in cells from the severe
XP/CS complex patients (Fig. 1). Thus, these results indicate that repair of CPD and 6–4PP
are related to XPB function, and the different levels of repair of CPD and 6–4PP correlate
with different mutations in the XPB gene. Further, the levels of repair for CPD and 6–4PP in
XP-B cells are correlated with clinical severity between relatively mild and severe
syndromes [9].

4.2. Early recruitment of the XPC protein complex
NER proteins which form the NER complex move to sites of DNA damage in a specific
sequence [4,6,19,34,35]. The XPC protein is tightly complexed with HR23B, one of two
mammalian homologs of Saccharomyces cerevisiae NER factor RAD23, and centrin 2 [36].
This XPC-HR23B-centrin 2 complex is known to play a distinct role in lesion recognition
and initiation of assembly of repair machinery in global genome repair. Functional XPC is
essential for the formation of the pre-incision complex [37] in vitro and recruitment of
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TFIIH to DNA damage sites in vivo [19]. Our results show that in normal fibroblasts XPC
and the other NER proteins rapidly move to DNA damage sites within 0.1h and are
redistributed within 3–4h after UV-irradiation (Table 1 and Fig. 6). In the cells from the XP-
B patients, as well as in cells deficient in XPA [19] or XPG [25] protein (Fig. 5 and Table
1), XPC was recruited normally to sites of DNA damage within 0.1h of local irradiation.
Conversely, in the absence of XPC protein there was no binding of XPB, XPD, XPG, XPA
or XPF proteins (Table 1, data not shown and [19]). This indicates that binding of the XPC-
HR23B-centrin 2 complex is independent of XPB, XPG, and XPA binding. These
observations support the theory that XPC-HR23B-centrin 2 complex is the first to bind to
UV DNA damage sites and initiates assembly of pre-incision complexes (Fig. 6 and
discussion in ref. [4]).

4.3. Impaired recruitment of XPG, XPA and XPF in cells from the mild patients
In normal cells, XPC, XPG, XPA, XPD, XPB and XPF proteins are rapidly recruited to the
DNA damage sites (Figs. 2, 3, 5, 6 and Table 1 and discussion in ref. [4]). In cells from mild
XPB patients the recruitment of XPG, XPA and XPF was delayed until 0.5h (Figs. 2 and 3
and Table 1). Our results indicate that functional XPB protein was required for rapid
recruitment of these NER proteins and that the F99S mutation in the cells from mild XP-B
patients impaired this activity. The presence of reduced levels of this defective XPB protein
resulting in low levels of TFIIH [9,23,24] delayed the normal recruitment of other NER
proteins. This is in agreement with the recent report of delayed recruitment of XPG to local
UV damage in XPCS1BA (XP-B) cells [38].

4.4. Delayed recruitment of XPD and XPF but normal recruitment of XPG and XPA proteins
in cells from severely affected patients

In the XP-B cells from the severely affected patients, the recruitment of XPD was delayed to
about 0.5h and recruitment of XPF did not reach normal levels during the 24h of observation
in the XP183MA cells (Fig. 3) indicating that functional XPB was required for rapid
recruitment of XPD and XPF in these cells. The XP131MA cells did not show any
accumulation of ERCC1 in the DNA damage sites within 3min [39] suggesting that the XPB
helicase activity is required for the recruitment of the ERCC1-XPF complex. Coin et al. [40]
showed that phosphorylation of S751 of XPB controls the 5′ incision by ERCC1/XPF
whereas the 3′ incision by XPG is unaffected. This C-terminal region of XPB is altered in
the cells from the severely affected patients [9]. We found that over-expression of XPB
restored the ability of the XP-B cells to recruit XPB and XPF proteins to UV damage sites
(Fig. 4C) clearly linking the level of the XPB protein to the rapid recruitment of NER
proteins. Thus, XPB is essential for XPF recruitment.

XPG is the human endonuclease that cuts 3′ to DNA lesions during NER [4]. In contrast to
the results in the cells from the mild XP-B patients, the recruitment of XPG and XPA
proteins was strongly induced immediately after local-UV damage in the cells from the
severely affected XP/CS complex patients (Figs. 2, 3 and 5 and Table 1). The XPB protein
in these cells is mutated with alterations of the final 42 C-terminal amino acids [9]. This
indicates that the recruitment of XPG and XPA to DNA damage sites was unaffected by this
alteration of the C-terminus of the XPB helicase but that the presence of XPB protein with
the F99S missense mutation delayed NER protein recruitment.

XPB is a component of TFIIH. It is unclear if XPG function requires functional TFIIH for
NER assembly [41,42]. As in our experiments, Zotter et al. [38] found that the XPCS1BA
cells from the mild XPB patient show delayed recruitment of XPG protein to sites of
localized DNA damage. They concluded that XPG binding required TFIIH helicase activity.
In contrast to this conclusion we found that the cells from the severe XPB patients have
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normal XPG localization (Figs. 2, 3, 5 and 6 and Table 1). In cells lacking detectable XPG,
XPB protein was normally recruited to damage sites (Table 1 and Fig. 5 and [25]). This
indicates that strong XPG–XPB interaction is not required for the recruitment of XPB or
XPG to sites of UV damage in DNA. Similarly, the recruitment of XPA and XPF was
normal in cells lacking detectable XPG protein (Table 1 and Fig. 5). XPB, XPA and XPF
recruitment to sites of UV damage does not require the presence of XPG suggesting that
XPG and XPF are recruited to DNA damage independent of each other and that XPB and
XPA can associate with the complex without the functional XPG endonuclease.

4.5. Recruitment of XPB and XPG does not depend on functional XPA
In cells lacking detectable XPA protein, XPB and XPG were recruited after local UV
treatment (Table 1; Fig. 5 and [19]) demonstrating that the recruitment of XPB and XPG to
UV damage sites does not require XPA. The assembly of a functional incision complex
requires the binding of structure-specific endonucleases XPG and ERCC1-XPF responsible
for 3′ and 5′ incision in NER, respectively [4]. While XPG was recruited normally, XPF
was not recruited to damaged sites in cells lacking XPA (Table 1; Fig. 5 and [19]). Thus,
XPA is needed for the assembly of the 5′ endonuclease XPF-ERCC1 in the incision
complex but the 3′ endonuclease XPG can associate with the complex independently of
functional XPA. In locally irradiated XP-F (XP24KY) cells, XPG and XPA recruitment was
unaffected by the absence of functional XPF [19] supporting the theory that binding of XPF
occurs later than binding of XPG and XPA at sites of DNA damage [4].

4.6. Assembly of the incision complex
Some features of the early phase of sequential assembly of the NER proteins in global
genome repair (reviewed in ref. [4]) in normal and NER deficient XP cells are described in
Fig. 6 and Table 1. Repair of photolesions in damage sites requires the assembly of the NER
incision complex and hence the recruitment of NER proteins [19]. To examine whether the
rapid recruitment of NER proteins to damage sites requires other NER proteins, we
examined the co-localization patterns of NER proteins in various repair deficient XP-C, XP-
A, XP-B and XP-G cells immediately after local UV damage (Table 1 and Fig. 5). Normal
cells showed rapid nuclear recruitment of NER proteins at the damage sites. In NER
deficient XP-G, XP-A and XP-B cells, rapid recruitment of XPC was seen immediately after
UV-irradiation (Table 1; Figs. 2, 3 and 5). Thus, XPC (a part of the XPC-HR23B-centrin 2
complex)was first recruited to site of localized DNA damage as indicated by the co-
localization of CPD and XPC immunofluorescence and is independent of XPB, XPG and
XPA binding (Fig. 6, left column). In cells from the severe XPB patients, with a C-terminal
alteration in the XPB protein, the recruitment of XPG and XPA to DNA damage sites was
normal at this time (Figs. 2B, 3C, 5 and 6, right column). The region of the XPB protein
from amino acids 198–387 was reported to be involved in binding of XPG [43]. This may
not be affected by the C-terminal mutation in the cells from the severe XP-B patients.
However, XPF was not recruited to damaged sites in these cells. Thus, XPB protein was not
essential for recruitment of XPG and XPA, but XPB was required for the subsequent
recruitment of XPF. However, cells from the mild XP-B patients with the F99S mutation
showed delayed binding of XPG and XPA indicating a possible modulating role for XPB in
binding of XPG and XPA to TFIIH (Fig. 5, middle). There was rapid recruitment of XPG in
cells lacking XPA and conversely there was rapid binding of XPA in cells lacking XPG,
thus these proteins were not essential for the recruitment of each other (Table 1 and Fig. 5
and [19,25]). Similarly, there was normal localization of XPB, XPD and XPF in cells
lacking XPG (Table 1 and Fig. 6). It has been reported [25] that XPB recruitment to damage
sites does not require the presence of XPG. Thus, recruitment of XPC, XPB, XPA and XPF
to DNA damage sites does not require of XPG. Cells lacking XPA showed normal
recruitment of XPB, XPD and XPG, but the recruitment of XPF was affected in these cells
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(Table 1 and Fig. 6 and [19]). Thus, XPF recruitment occurs after that of XPB and XPA and
requires both these proteins.

4.7. The NER proteins are unable to redistribute in the absence of damage repair
NER proteins were greatly reduced by 3 and 24h they were no longer found in nucleus of
normal fibroblast cells suggesting that the redistribution of NER proteins from local UV
damage sites coincides with completion of repair synthesis activity [41]. In this study,
antibodies to 6–4PP and CPD were used to identify the recruitment of NER proteins. In
normal cells using the ELISA assay, removal of 6–4PP was complete by 6h while about
30% of the CPD were detectable at 24h (Fig. 1 and [15,22]). CPD were visualized by
immunofluorescence in about 75% of the normal cell nuclei immediately after UV and fell
to about 50% by 24h (Fig. 3). However, the redistribution of NER proteins from sites of
DNA damage seems to correlate with repair of 6–4PP rather than CPD suggesting that 6–
4PP are main stimulus for recruitment of NER protein and XPC-HR23B has a higher
affinity for 6–4PP [44,45]. Our findings were also corroborated by the observation that 24h
after exposure to 100 J/m2 UV, localized areas of 6–4PP were not detected in normal cells
(data not shown), indicating virtually complete repair of these 6–4PP (Fig. 1A).

In contrast to normal cells, all of NER proteins persisted up to 24h post-UV-irradiation in
XP-B cells (Figs. 2 and 3 and Table 1). XP131MA cells from a severely affected XPB
patient, showed higher persistent accumulation of NER proteins than XP patients with
milder disease suggesting that persistent accumulation correlated with clinical severity of
XP-B patients. Thus, the overall data indicate that unless DNA damage is excised, initial
factors of NER assembly remain physically associated with the DNA damage. Ineffectual
repair of UV-induced photoproducts resulting from delayed recruitment and impaired
redistribution of NER proteins may contribute to the markedly increased frequency of skin
cancer in XP patients.
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Fig. 1.
Delayed repair of 6–4 photoproducts (6–4PP) and cyclobutane pyrimidine dimers (CPD) in
cells from XP-B patients. XP and normal cells were irradiated with 10 J/m2 UV and
incubated for the indicated times. The levels of 6–4PP (A) and CPD (B) were measured by
ELISA using either anti-6–4PP or anti-CPD antibodies. Each point represents the mean from
four independent experiments. The points are displaced slightly to permit visualization of
the S.D. error bars.
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Fig. 2.
Recruitment and redistribution of NER proteins to sites of UV damage. Normal (0.8 µm
beads) and XP-B cells (2.0 µm beads) on same slide were irradiated with 100 J/m2 UV
through 5 µm pore size filters and immediately fixed (<0.1 h) or subsequently cultured for
various time points before fixation. Immunofluorescent double labeling was performed
using antibodies against CPD, XPC, XPG, XPA, XPD or XPF. The arrows on the confocal
images indicate sites of localized damage (red arrows, normal cells; yellow arrows, XP-B
cells). Symbols + or − indicate localization or non-localization of NER protein in normal
cells/XP-B cells. (A) Delayed recruitment of XPG, XPA, XPD and XPF proteins to damage
sites in XP33BR. (B) Normal recruitment of XPC, XPG and XPA proteins to damage sites
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in XP131MA cells. The recruitment of XPD was delayed and no XPF recruitment was seen
0.5h after UV-irradiation. NER proteins in all XP-B cells remained visible at damage sites
even 24h after local UV-irradiation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 3.
Quantification of recruitment and redistribution of NER proteins to sites of UV damage at
various times post-UV-irradiation. Images of slides as in Fig. 2 were analyzed. At least 100
nuclei were scored for each time point. Bars indicate mean ± S.E. of the percent positive
cells for the indicated antibody stain (CPD, XPC, XPG, XPA, XPD or XPF, respectively).
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Fig. 4.
Enhanced recruitment of XPB and XPF in XP183MA cells transiently transfected with wild-
type XPB-cDNA. Normal (AG13145) and XP183MA cells from a severe XPB patient were
either not over-expressed or over-expressed with wild-type XPB cDNA. (A) Western
blotting of XPB protein in normal and XP183MA cells transiently transfected with wild-
type XPB-cDNA or empty vector. Blots were probed with antibody to the C-terminal end of
XPB or to β-actin. (B) Immediately (<0.1 h) after local UV-irradiation recruitment of XPB
or XPF was detected in normal cells (red arrows) but not in XP183MA cells treated with the
empty vector. (C) In contrast, normal recruitment of XPB and XPF was detected in
XP183MA cells transiently over-expressing wild-type XPB-cDNA (yellow arrows). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 5.
Effect of XPG and XPA mutations on recruitment of NER proteins. Normal (0.8 µm beads)
and NER deficient XP-G, XP-A or XP-B cells (2.0 µm beads) were treated as in Fig. 2 and
fixed immediately (<0.1 h) after UV exposure. Normal cells showed rapid nuclear
recruitment of XPC, XPG, XPA, XPB and XPF proteins to the UV damage sites (red
arrows). XP-G (XP96TA) cells showed normal recruitment of XPC, XPA, XPB and XPF
(yellow arrows) but no staining for XPG protein. In XP-A (XP315BE) cells, normal
recruitment of XPC, XPB and XPG was detected (yellow arrows). There was no staining for
XPA protein and no recruitment of XPF to the sites of UV damage. In the XP-B cells
(XP131MA) from the severe patient, normal recruitment of XPC, XPG and XPA was
detected (yellow arrows) (see also Fig. 2B). There was no staining for XPB and no
recruitment of XPF protein was detected. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 6.
Schematic diagram of early stages (<0.1 h) of global genome nucleotide excision repair in
cells from normal, mild XP-B and severe XP-B patients. DNA damage recognition is
accomplished by binding of DDB2 (XPE) – DDB1 proteins (purple ovals) to the 6–4 PP or
the CPD (red circle) along with the XPC-HR23B-centrin2 complex (blue oval). In the
normal cells (left column) this is followed by unwinding of double stranded DNA which is
associated with binding of XPG (green circle), XPA (orange oval), and the TFIIH complex
(light green) including XPB (dark pink oval) and XPD (pink oval). Dual incisions excising
the DNA damage in an approximately 30 nucleotide segment are carried out by the ERCC1-
XPF 5′ endonuclease (gray ovals with scissors) and the XPG 3′ endonuclease (green circle
with scissors). In the cells from the mild XP-B patients with a F99S mutation (middle
column) there is normal recruitment of XPC to the site of the DNA damage but there is no
recruitment of XPG, XPA, XPD or XPF. In contrast, the cells from the severe XP-B patients
(right column) with a C-terminal mutation show normal recruitment of XPC, XPG and XPA
but no recruitment of XPD or XPF to the site of the DNA damage. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the
article.)
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