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Abstract
Nucleotide excision repair (NER) is the main pathway used for the repair of bulky DNA adducts
such as those caused by UV light exposure and the chemotherapeutic drug cisplatin. The Xeroderma
Pigmentosum group C (XPC)-Rad23B complex is involved in the recognition of these bulky DNA
adducts and initiates the global genomic nucleotide excision repair pathway (GG-NER).
Photocrosslinking experiments revealed that the human XPC-Rad23B complex makes direct contact
with both the cisplatin-damaged DNA strand and the complementary undamaged strand of a duplex
DNA substrate. Coupling photocrosslinking with denaturation and immunoprecipitation of protein-
DNA complexes, the XPC subunit was identified in complex with damaged DNA. While the
interaction of the XPC subunit with DNA was direct, studies revealed that although Rad23B was
found in complex with DNA, the Rad23B-DNA interaction was largely indirect via its interaction
with XPC. Using site specific crosslinking we determined that XPC-Rad23B is preferentially
crosslinked to the damaged DNA when the photoreactive FAP-dCMP (exo-N-{2-[N-(4-azido-2,5-
difluoro-3-chloropyridine-6-yl)-3-aminopropionyl]-aminoethyl}-2′-deoxycytidine-5′-
monophosphate) analogue is located 5′ of the cisplatin-DNA adduct. When the FAP-dCMP analogue
is located 3′ of the adduct, no difference in binding was detected between undamaged and damaged
DNA. Collectively, these data suggest a model whereby XPC-DNA interactions drive the damage
recognition process contacting both the damaged and undamaged DNA strand. Preferential
crosslinking 5′ of the cisplatin-damaged site suggests that XPC-Rad23B displays orientation specific
binding to eventually impart directionality to the downstream binding and incision events relative to
the site of DNA damage.
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Lesions, mutations, and bulky adducts caused by external and internal factors, such as UV
irradiation and environmental carcinogens interfere with DNA replication and transcription
and can lead to cell death, cancer or other diseases (1;2). Nucleotide excision repair (NER) is
a versatile DNA repair pathway utilized for the removal of damaged DNA caused by UV
irradiation and platinum based chemotherapeutic agents used for the treatment of cancer (1;
2). NER is composed of two separate subpathways, transcription coupled-NER (TC-NER) and
GG-NER. There are four distinct steps in the NER pathway, including damage recognition,
incision of damaged DNA, removal of damage, and resynthesis and ligation of the newly
synthesized strand (1;2). The GG-NER and TC-NER pathways differ only in the method of
damage recognition. XPC, Rad23B and Centrin 2 (CEN2), form the damage recognition
complex and are the first proteins to the site of damage in the GG-NER pathway, whereas the
stalling of RNA polymerase during transcription is the method of recognition in the TC-NER
pathway (1;3). After recognizing and binding to the damaged DNA, XPC-Rad23B-CEN2 is
released and GG-NER progresses through the excision, repair, and resynthesis steps due to the
involvement of over 30 additional proteins (2). RPA and XPA have also been shown to possess
damage recognition abilities depending on the type of damage in both GG-NER and TC-NER
(4). The helicase activity of XPB-TFIIH is responsible for unwinding the damaged DNA
followed by 5′ and 3′ incision which is performed by XPF-ERCC1 and XPG, respectively
(5). Finally PCNA, RPA, DNA polymerases δ, ε, κ and DNA ligases participate in gap filling
and ligation of the newly synthesized and repaired DNA (1;2;4;6;7). More recently, a UV-
dependent DNA damage recognition pathway involving DNA-binding protein (DDB) has been
shown to recognize and bind to damaged DNA in the absence of XPC (8). DDB has been shown
to interact with DNA containing UV-induced CPD lesions, which only moderately distort the
DNA, suggesting that DDB may play a role in damage recognition of less distorting lesions
difficult for XPC to recognize (9–11).

In vivo, human XPC (125 kDa) forms a heterotrimeric complex with the 58 kDa protein Rad23B
along with the 18 kDa protein Centrin 2 (12). In vitro, XPC and Rad23B are sufficient for
reconstituting the damage recognition complex responsible for the initiation of NER (13;14)
and the XPC-Rad23B complex preferentially binds to cisplatin and UV damaged double strand
DNA in the presence of the non-specific competitor poly dI/dC (4;15–18). In addition, XPC-
Rad23B recognizes a variety of chemically and structurally diverse DNA adducts and previous
data have shown that the more distorting the damage the higher affinity XPC-Rad23B
demonstrates for the damaged DNA (19). It has been suggested that XPC-Rad23B interacts
with the undamaged strand of a damaged duplex DNA via the single-strand characteristics
caused by the bulky UV or cisplatin lesions (16;20). This data is supported by the structural
analysis of yeast Rad4, the XPC orthologue, and Rad23B bound to DNA containing a
cyclobutane pyrimidine dimer (CPD) lesion where Rad4 contacts were identified on both the
undamaged strand of the duplex and base pairs surrounding the CPD lesion (21). The
transglutaminase-homology domain (TGD) and the long β-hairpin domain 1 (BHD1) bind to
the undamaged strand 3′ of the CPD lesion. β-hairpin domains 2 and 3 (BHD2 and BHD3)
bind to the DNA containing the CPD lesion and cause the two base pairs opposite of the lesion
to flip outward (21). In comparing the DNA-absent (apo) model to the DNA bound model,
BHD2 and 3 move approximately 8–12 Å relative to the position of the DNA. This flexibility
is thought to aid in damage recognition and binding of Rad4 and possible XPC to damaged
duplex DNA. As Rad4 shares 23% sequence identity with XPC it is unclear, however, if XPC
will bind to DNA in the same manner as Rad4. It is also unclear whether other lesions, which
result in different structural distortions but are still repaired by NER, will be recognized using
the same series of interactions. To address this latter question we examined the interaction of
XPC-Rad23B with cisplatin-damaged DNA focusing on specific protein-DNA interactions.

Cisplatin is a common chemotherapeutic agent used for the treatment of several cancers,
including testicular, lung and ovarian cancer (22–25). 1,2-d(GpG) cisplatin adducts are the
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most common lesions and distort the DNA ~13° while 1,3-d(GpXpG) cause a ~27–33° kink
in the DNA around the platinum lesion and make up a much smaller portion of the cisplatin
intrastrand lesions (26;27). Although XPC-Rad23B recognizes the bulky adduct, it remains
unclear if XPC-Rad23B contacts the cisplatin lesion directly. It is also unknown if XPC-
Rad23B demonstrates preferential binding either 5′ or 3′ to the site of cisplatin damage or if
the protein symmetrically spans the lesion. Determining the general location of XPC-Rad23B
in relation to the cisplatin adduct will give directionality to XPC-Rad23B and possibly
downstream NER proteins. Protein directionality will provide insight into the mechanism of
XPC-Rad23B damage recognition which is versatile and unclear. It may also aid in determining
the placement of downstream NER proteins, such as XPF and XPG which are important for
excision of the damaged bases and the excision product removed. To further probe the nature
of the XPC-Rad23B DNA interactions, we undertook a photocrosslinking approach using a
series of cisplatin-damaged DNA substrates. To further increase the efficiency, specificity and
resolution of the approach, a photoreactive exo-N-{2-[N-(4-azido-2,5-difluoro-3-
chloropyridine-6-yl)-3-aminopropionyl]-aminoethyl}-2′-deoxycytidine-5′-triphosphase
(FAP-dCTP) analogue was used to introduce photoreactive residues into specific positions of
the DNA substrate. FAP-dCTP is a dCTP analogue which contains a photoreactive FAP group
inserted at the 4-C location and aids in crosslinking efficiency of substrates (28). Results
demonstrate strand and orientation specific binding of the XPC subunit in complex with
Rad23B to DNA containing the cisplatin adduct. These results provide a better understanding
of the XPC-DNA interaction and provide details that may allow improvement of platinum
based chemotherapeutic treatments possibly through direct inhibition of XPC or development
of a platinum based therapeutic which XPC cannot recognize.

Experimental Procedures
Chemicals

Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO) and γ32P-ATP was supplied by
Perkin-Elmer (Waltham, MA). Oligonucleotides were purchased from Integrated DNA
Technologies (Coralville, IA). Klenow Fragment 3′-5′ exo-, T4 Polynucleotide Kinase (T4
PNK), T4 DNA ligase, and HaeIII were purchased from New England Biolabs (Ipswich, MA).
Phosphocellulose (Whatman P-11) was obtained from Fisher Scientific (Houston, TX) along
with T4 DNA polymerase. ssDNA-cellulose was obtained from Sigma Chemical Co. (St.
Louis, MO). Protein-G agarose, XPC and Rad23B rabbit polyclonal antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Streptavidin MagneSphere Paramagnetic
Particles were purchased from Promega (Madison, WI). The photoreactive analog of dCTP
exo-N-{2-[N-(4-azido-2,5-difluoro-3-chloropyridine-6-yl)-3-aminopropionyl]-
aminoethyl}-2′-deoxycytidine-5′-triphosphate (FAP-dCTP), was synthesized as described
(28).

Protein Purification
XPC and Rad23B were purified from SF-9 insect cells to near homogeneity as previously
described (16). Briefly SF-9 cells (500 ml) were infected (10 PFU/cell) with recombinant
baculovirus expressing XPC-Rad23B passage-2 virus and incubated at 27°C. After 48 hours,
a cell free extract was prepared as described by Manley et al. (29). Briefly, cells were lysed in
a hypotonic buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 5 mM DTT) followed by a high
salt buffer (50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 2 mM DTT, 25% (w/v) sucrose, 50%
(v/v) glycerol). The sample was centrifuged at 30,000 × g for 1 hour and the supernatant was
dialyzed overnight in Buffer A (25 mM Tris-Cl (pH 7.5), 1 mM EDTA, 1 mM DTT, 0.001%
(v/v) Triton X-100, and 10% (v/v) glycerol) containing 0.3 M NaCl. Following centrifugation,
the clarified supernatant was applied to a 10 mL P-cell column equilibrated in Buffer A
containing 0.3 M NaCl. The column was washed with 0.3 M NaCl Buffer A and protein was
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eluted from the column using 1 M NaCl Buffer A. XPC-Rad23B containing fractions were
pooled and diluted with Buffer A to achieve a final salt concentration of 0.6 M. The diluted
protein pool was applied to a 4 mL ssDNA column equilibrated in 0.6 M NaCl Buffer A. The
column was washed and protein was eluted from the column using 1.5 M NaCl Buffer A. XPC-
Rad23B containing fractions were pooled and dialyzed overnight in Buffer B (25 mM HEPES
(pH 7.8), 0.2 M KCl, 1 mM EDTA, 1 mM DTT, and 50% (v/v) glycerol). Final protein
concentration was determined using a Bradford dye-based assay (Bio-Rad) and the dialyzed
protein was aliquoted and stored at −80°C. SDS-PAGE followed by coomassie staining or
western blot analysis was utilized to determine protein purity. XPC-Rad23B DNA binding
activity was assessed using fluorescence polarization on a fluorescein-labeled DNA substrate
(56-mer) in 500 μL reaction containing 20 mM HEPES (pH 7.8), 1 mM DTT, 0.01% (v/v)
NP-40, 100 mM NaCl (16). XPC-Rad23B was titrated to a final concentration of 200 μM.
Activity was also accessed using electrophoretic mobility shift assay (EMSA) on undamaged
or cisplatin-damaged substrates (60-mer) (16).

DNA Substrates
All oligonucleotides (22-, 37-, 38-, 60-, 61-mers) (Table 1) were purified by electrophoresis
on denaturing polyacrylamide gels, ethanol precipitated, and concentration was determined
using a Nanodrop 1000 (Nanodrop Technologies). Damage was induced by incubating the
purified oligonucleotides with cisplatin at a drug:molecule ratio of 10:1 in buffer containing 1
mM NaHPO4 (pH 7.5) and 3 mM NaCl for 48 hours. Damaged DNA was quantified using the
Nanodrop 1000 (Nanodrop Technologies) following ethanol precipitation (16).

Radio-labeled (5′) DNA was prepared by incubating undamaged or cisplatin-damaged
oligonucleotides with γ32P-ATP, T4 PNK and Kinase Buffer at 37°C. After 30 minutes of
incubation, 1 mM ATP was added followed by 0.5 M EDTA and then the DNA was purified
using a G50-spin column. Counts per minute (CPM) was measured using a scintillation counter
(Beckman) and the specific activity and DNA concentrations were calculated. Undamaged and
damaged substrates were annealed to the complement strand, C-1,2 d(GpG), by heating to 95°
C for 3 minutes in annealing buffer (50 mM Tris (pH 7.5), 10 mM magnesium acetate, and 5
mM DTT) to generate ds-(GpG). Double stranded cisplatin-damaged substrates were subjected
to HaeIII digestion and 60-mer products were purified by electrophoresis on native
polyacrylamide gels. The site of platination resides within the HaeIII digestion site; therefore,
any substrate not platinated is cleaved by HaeIII to a 30-mer; whereas platinated substrates
remain 60-mers.

Oligonucleotides possessing the photoreactive analogue of dCMP exo-N-{2-[N-(4-azido-2,5-
difluoro-3-chloropyridine-6-yl)-3-aminopropionyl]-aminoethyl}-2′-deoxycytidine-5′-
monophosphase (FAP-dCMP) were prepared by extension reactions catalyzed by Klenow
Polymerase 3′-5′ exo- and ligation catalyzed by T4 DNA ligase. Duplex DNA substrates were
prepared with the FAP-dCMP either 5′ (ds-5′FAP) or 3′ (ds-3′FAP) of the cisplatin adduct
(Supplementary Figure 1). 5′FAP1 and 3′FAP1 were 5′ radio-labeled and control (undamaged)
and cisplatin damaged 5′FAP2 was cold-phosphorylated and excess ATP removed by
Sephadex G50-spin column chromatogrphy. Radiolabeled control or damaged 5′FAP1 and 5′
FAP2 were annealed to the complementary strand (C-FAP) and fill-in reactions performed
with FAP-dCTP followed by ligation were used to generate control and cisplatin damaged ds-5′
FAP. Radio-labeled control or cisplatin-damaged 3′FAP1 was annealed to C-FAP, extended
with the FAP-dCTP analogue and purified via Sephadex G50-spin column chromatography.
The substrates were incubated with dCTP, dTTP, and Klenow Polymerase 3′-5′ exo- for an
additional 30 minutes at 37°C to complete synthesis of the substrate generating control or
cisplatin-damaged ds-3′FAP. The free dNTPs were removed using a Sephadex G50-spin
column chromatography and cisplatin-damaged substrates were digested with HaeIII (see
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above), purified by electrophoresis on a preparative denaturing polyacrylamide gel and
reannealed.

Electrophoretic Mobility Shift Assay (EMSA)
XPC-Rad23B was bound to 100 fmol of undamaged or cisplatin damaged ds DNA (60-mer)
in buffer containing 20 mM HEPES (pH 7.8), 0.001% (v/v) NP-40, 50 mM NaCl, 1 mM DTT,
0.05 mg/ml BSA, and 2 mM MgCl2. Binding was performed for 15 minutes at room
temperature in the absence or presence of non-specific competitor poly dI/dC (100 ng). Bound
XPC-Rad23B was gluteraldehyde crosslinked to the substrates, by the addition of 0.25% (v/
v) gluteraldehyde and incubating the samples at room temperature for 3 minutes. Buffer
containing 10 mM EDTA, 10% glycerol, 0.01% bromophenol blue, and 0.01% xylene cyanol
was used to stop the reactions and samples were separated on native polyacrylamide gels for
1 hour at 170 volts. Dried gels were imaged using a Storm 820 PhosphorImager (Amersham,
Biosciences) and bound protein was quantified using ImageQuant 5.2. Averages and standard
deviations of three independent experiments are presented.

Photocrosslinking and SDS-PAGE Analysis
Binding to cisplatin damaged or undamaged/control DNA substrates was performed in the
presence or absence of poly dI/dC, as stated above. Samples were then photocrosslinked in
eppendorf tubes, on ice, by UV irradiation using General Electric-15 Watt bulbs which emit a
wavelength of 254 nm, for the indicated times. Following crosslinking, 6x SDS dye was used
to stop the reactions and samples were heated to 95°C for 5 minutes and loaded on SDS-PAGE
gels. Gels were imaged and quantified using a Storm 820 PhosphorImager (Amersham,
Biosciences) and ImageQuant 5.2. Averages and standard deviations from at least three
independent experiments are presented.

Immunoprecipitation (IP)
XPC-Rad23B was bound to the indicated undamaged/control or cisplatin damaged dsDNA
(600 fmol) and photocrosslinked for the indicated times. Photocrosslinked samples were
incubated for 20 minutes with either XPC or Rad23B rabbit polyclonal antibodies with and
without a denaturation step (10 minutes at 95°C) prior to incubation with the antibody. Protein-
G agarose was washed three times with PBS, added to each sample along with PBS buffer,
and rotated at 4°C for 1.5 hours. Samples processed after IP were washed three times with
PBS, resuspended in 1x SDS dye and loaded onto SDS-PAGE gels. Western blot analysis using
either a primary XPC or Rad23B antibody (1:1,000) and a goat-anti-rabbit secondary antibody
(1:2,000) was used along with chemiluminescense to visualize the results. A Fuji LAS-3000
along with Multi Gauge V3.0 software was used to visualize the results. Radio-labeled
substrates were also separated using SDS-PAGE and dried gels were imaged using a Storm
820 PhosphorImager (Amersham, Biosciences).

Results
XPC-Rad23B Covalently Photocrosslinks to Undamaged and Cisplatin-Damaged DNA

We and others have analyzed the interaction of XPC-Rad23B with DNA by a variety of
biochemical techniques and assays (15;16;19;30). XPC-Rad23B demonstrates damage
specificity only in the presence of the non-specific competitor poly dI/dC, a synthetic double
strand oligonucleotide. XPC-Rad23B often requires gluteraldehyde crosslinking to identify
the presence of protein-DNA complexes (16). In order to further analyze the specifics of XPC-
Rad23B interactions with DNA, we employed DNA containing a single cisplatin lesion in
conjunction with site-specific photoreactive dCMP residues. The XPC-Rad23B complex was
purified to near homogeneity from insect cells using a recombinant baculovirus construct.
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Preliminary experiments involved fluorescence polarization and EMSA with gluteraldehyde
crosslinking confirmed the DNA binding activity of XPC-Rad23B. XPC-Rad23B was shown
to bind to a fluorescein-labeled substrate (56-mer) and gluteraldehyde crosslinking
demonstrated damaged specificity in the presence of competitor poly-dI/dC, confirming
previously published results (16).

Photocrosslinking of XPC-Rad23B to radio-labeled DNA was conducted by first binding XPC-
Rad23B to ds-(GpG) with or without a site-specific 1,2-d(GpG) cisplatin lesion (Table 1).
XPC-Rad23B was photocrosslinked to these DNA derivatives for 1 hour and SDS-PAGE gels
were utilized to separate the covalent protein-DNA complexes. Preliminary experiments
involving UV exposure time course analysis revealed 1 hour to be the optimal for protein
stability and crosslinking efficiency (data not shown). PhosphorImager analysis reveals the
presence of two bands in reactions containing radio-labeled DNA duplexes and XPC-Rad23B.
The lower band migrating at approximately 15 kDa corresponds to unbound DNA and the
upper band (170 kDa) corresponds to a covalent protein-DNA complex (Figure 1A). The
amount of this covalent protein-DNA complex increased with increasing concentrations of
XPC-Rad23B whereas the unbound DNA decreases. In the data presented and quantification
of triplicate binding experiments, XPC-Rad23B revealed preferential crosslinking to cisplatin
damaged DNA (Figure 1C). However, the results were variable and in some preparations of
XPC-Rad23B, there was less of a difference in photocrosslinking of the protein to undamaged
and cisplatin damaged DNA. Similar experiments involving photocrosslinking XPC-Rad23B
to a damaged ds-DNA substrate (60-mer) containing a site-specific 1,3-d(GpXpG) cisplatin
lesion also reveal damage specific crosslinking (Supplementary Figure 2). As stated above,
XPC-Rad23B gluteraldehyde crosslinks more efficiently to undamaged DNA in the absence
of competitor (data not shown). Therefore the observed increase in photocrosslinking of XPC-
Rad23B to cisplatin-damaged DNA suggests there is either a platinum-damage dependent
alteration in XPC structure that is more efficiently crosslinked to the DNA bases or, more
likely, a direct platinum-protein crosslink. The precedence for UV-dependent direct platinum-
protein crosslinks has been established in the analysis of HMGB-1 binding to a single cisplatin-
damaged DNA (31). This interpretation would position XPC in direct proximity to the DNA
adduct consistent with the recently reported Rad4 crystal structure in conjunction to a CPD
lesion (21).

XPC-Rad23B Covalently Photocrosslinks to the Undamaged Complementary Strand
Data presented above demonstrates that XPC-Rad23B is able to bind and photocrosslink to
cisplatin damaged and undamaged DNA, demonstrating preference for damaged DNA.
However, it is not known if, in the context of a duplex DNA containing a single cisplatin lesion,
XPC-Rad23B can make contact with the undamaged complementary DNA strand. In order to
visualize whether XPC-Rad23B binds to the undamaged complement strand, DNA substrates
were prepared with a 5′-32P-label located on the undamaged strand. After binding and
photocrosslinking, SDS-PAGE gels were used to separate the crosslinked products and a
PhosphorImager was utilized to visualize the results. Again, only covalent interactions will
remain intact when separated on SDS-PAGE gels. Therefore, if XPC-Rad23B is not covalently
bound to the undamaged complement strand, only free DNA would be expected (15 kDa).
However, data reveals the presence of a high molecular weight band (170 kDa) representative
of a protein-DNA photo-induced covalent crosslink (Figure 1B). Quantification of the data
(Figure 1C) indicates the amount of the crosslinked product observed when the undamaged
strand is 32P-labeled is less than that observed in reactions with the damaged strand 32P-labeled.
These results suggest that XPC and possibly Rad23B not only make contact with the damaged
strand of duplex DNA but also interacts with the complementary undamaged strand of the
damaged DNA duplex (Figure 1). Therefore XPC forms direct contacts with both strands of
an undamaged DNA duplex (Figure 1A and B). While the photocrosslinking reactions were
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internally controlled, irradiation with UV light for 60 minutes can impact numerous factors
including UV induced DNA damage and decreases in overall protein stability. Control
experiments were conducted in which the DNA was UV irradiated and then used in an XPC-
Rad23B binding reaction with gluteraldehyde crosslinking. The results demonstrate no
significant increase in protein-DNA complex formation versus the control experiment in which
the DNA was not UV irradiated prior to gluteraldehyde crosslinking (data not shown). In
addition, SDS-PAGE analysis of the protein following UV-irradiation revealed no significant
degradation of the XPC or Rad23B subunits (data not shown). Despite the controls which
indicated that there was not extensive UV induced damage to the substrate, the crosslinking
efficiency is still relatively poor, thus we sought a more efficient methodology with increased
resolution to characterize the protein-DNA complexes formed on cisplatin damaged DNA.

XPC-Rad23B Covalently Photocrosslinks to Photoreactive Substrates
Previously, halogenated bases have been used to improve crosslinking efficiency in
experiments involving photoaffinity labeling of proteins. However, only small increases in
photocrosslinking efficiency have been shown (32). More recently, photoactivateable
crosslinkers have been synthesized as dNTP analogs which allow for their site-specific
placement into DNA as a photoreactive dNMP moiety which results in significantly increased
crosslinking efficiency (28;33;34). Oligonucleotides possessing a photoreactive FAP-dCMP
analogue, 5′ or 3′ of the cisplatin damage site were prepared as described in Experimental
Procedures. Photocrosslinking experiments were again conducted with DNA substrates which
contained FAP-dCMP moieties and were only exposed to UV light for 10 minutes versus the
60 minute exposure for dCMP containing substrates. The significant decrease in UV exposure
reduces the likelihood of UV-induced damage to the DNA substrates and protein which may
influence binding and crosslinking. SDS-PAGE and PhosphorImager analysis were utilized
for sample separation and visualization of the crosslinking results. Data reveal that XPC-
Rad23B photocrosslinks significantly more efficiently to substrates possessing FAP-dCMP
than an identical substrate possessing dCMP. The data presented in Figure 2A demonstrate
that 60 minute photocrosslinking with the control substrate (dCMP) still resulted in less
covalent protein-DNA complex being detected compared to a 10 minute exposure with the
FAP-dCMP containing substrate. The FAP-dCMP substrate crosslinks with itself in the
absence of XPC-Rad23B; however, this interaction is eliminated in the presence of XPC-
Rad23B and doesn’t inhibit a protein-DNA interaction (Figure 2A). In comparing control and
cisplatin-damaged substrates containing FAP-dCMP, XPC does not demonstrate damage
specific binding when the photoreactive substrate is 5′ or 3′ of the analogue (Figure 2B and C
and Supplementary Figure 3A and B). This result suggests that the FAP-dCTP analogue causes
some degree of distortion with which XPC-Rad23B can recognize and interact. Data
demonstrates that XPC-Rad23B crosslinks slightly more efficiently to substrates containing a
5′ located photoreactive analogue verses a 3′ photoreactive analogue (Figure 3). A comparison
of the data presented in Figure 3B is significant to a P-value of <0.05. This data demonstrates
that XPC-Rad23B has a preference for interacting 5′ of the site of damage. However, the ability
to detect protein-DNA interactions 3′ of the cisplatin lesion suggests the protein spans the
damage to enable contacts on both sides of the cisplatin lesion. Overall this data provides a
better understanding of where XPC-Rad23B contacts the damaged DNA, more specifically,
XPC-Rad23B contacts the DNA both 5′ and 3′ of the cisplatin lesion demonstrating a preference
for contacting 5′ of the lesion.

XPC-Rad23B Subunits Covalently Photocrosslink in the Absence and Presence of DNA
The mobility of the covalent protein-DNA complex (170 kDa) presents the possibility that
either XPC alone or in complex with Rad23B is present in the crosslinked product. The absence
of a product with the mobility ranging between 60–100 kDa suggests that Rad23B alone is not
in complex with the DNA. To determine if Rad23B is present in the 170 kDa covalent protein-
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DNA complex, we extended the crosslinking analysis to include IP after a heat denaturation
step used to disrupt the non-covalent protein-protein and protein-DNA complexes. In doing
so, only remaining covalent interactions would be pulled-down with IP and detected on the
SDS-PAGE. Results demonstrate that both the XPC and Rad23B antibody are capable of
pulling-down a photo-induced covalent protein-DNA complex (Figure 4A). Similar analysis
performed, in which the undamaged complementary strand of the duplex was radio-labeled,
revealed significantly less crosslinking which is apparent in that over-exposure is necessary to
detect the complexes (Figure 4B). In addition, quantification of the signal intensity revealed a
higher level of binding to the undamaged DNA compared to the cisplatin-damaged DNA (24%
bound verses 7%).

The ability to pull down a protein-DNA complex with anti-Rad23B suggests that either Rad23B
is in direct contact with DNA or was covalently photocrosslinked to XPC. To further study the
nature of these interactions, we probed for each component using western blot analysis. In
these experiments, samples were UV irradiated for the indicated times, immunoprecipitated
with either anti-XPC (data not shown) or anti-Rad23B without a heat denaturation step (Figure
5A) or following heat denaturation (Figure 5B). The control experiments performed without
prior heat denaturation demonstrate, as expected, that anti-Rad23B could pull-down XPC in
the presence or absence of DNA (Figure 5A lanes 1, 3 and 4). Exposure to UV light reveals a
decrease in the intensity of the XPC protein migrating at 125 kDa and the appearance of a
smear of products with significantly reduced mobility consistent with covalently interacting
XPC-Rad23B complexes (Figure 5A lanes 2, 5, 6). Interestingly, when samples were
photocrosslinked and heat denatured prior to pull down with the anti-Rad23B antibody, an
XPC-Rad23B complex with reduced mobility was still detected (Figure 5B lanes 2, 5, and 6).
These results are consistent with the generation of a photo-induced covalent bond between the
XPC and Rad23B subunits in the absence or presence of DNA. Data revealed that the presence
of DNA had minimal affect on the photo-induced XPC-Rad23B covalent complexes (Figure
5A and B compare lanes 3 to 5 and 4 to 6). In summary, photocrosslinking induced both protein-
protein interactions in the absence and presence of DNA as well as protein-DNA interactions
in the presence of DNA.

Together these results lead to a model whereby the XPC subunit is responsible for the majority
of the interactions with DNA while Rad23B appears to make minimal contact directly with
DNA (Figure 6). The XPC-Rad23B complex does contact DNA both 5′ and 3′ of the damaged
site though there appears to be a preference for interaction 5′ of the lesion. XPC-Rad23B
complex also makes contact with the undamaged strand and in this case the Rad23B subunit
contributes to the interaction with DNA (Figure 6). Interestingly, the photocrosslinking
procedure resulted in the formation of a covalent bond between the two protein subunits that
was not influenced by DNA, suggesting that the interface between these two protein subunits,
following DNA binding, is not (or minimally) disrupted.

Discussion
XPC-Rad23B as a DNA binding protein recognizes and interacts with the bases or the sugar-
phosphate backbone of DNA. To impart damage specificity in the NER pathway, XPC-Rad23B
must display a higher affinity for DNA containing chemical modifications or distortions. These
can be caused by exposure to common chemotherapeutic agents like cisplatin or environmental
carcinogens such as exposure to UV light. After binding to damaged DNA, XPC-Rad23B
recruits downstream NER proteins and then dissociates from the site of damage prior to incision
by the XPG and XPF/ERCC1 nucleases (1;2). The binding and dissociation of XPC-Rad23B
occurs without any change in the chemical structure of the DNA, although changes in DNA
secondary structure are likely to accompany XPC-Rad23B-DNA interactions (21). Based on
the crystal structural analysis of Rad4-Rad23B bound to UV damaged DNA, changes in
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secondary structure of DNA include the displacement of bases opposite the thymine dimer out
of the DNA helix and this is accompanied by localized unwinding of the DNA surrounding
the lesion, possibly influencing DNA-protein interactions. Similarly, there are changes in the
Rad4 protein tertiary structure in which the β-hairpin of BHD2 and BHD3 are inserted between
the UV-damaged duplex DNA while in the apo structure these domains are displaced to avoid
steric interaction (21). The crosslinking analysis performed in this study using cisplatin
damaged DNA revealed XPC-DNA interactions in close proximity to the cisplatin lesion
suggesting that while UV and cisplatin cause different DNA structural and chemical
distortions, there is a common mechanism of damage recognition involving the BHD2 and
BHD3 domains. More specifically BHD3, which shares 31% sequence identity with XPC, may
play a major role in stabilizing XPC-DNA interactions since most of the conserved regions are
localized in residues with structural or DNA binding properties. The ability to photocrosslink
XPC-Rad23B to undamaged DNA is likely through the TGD and BHD1 domains as revealed
from the crystal structure modeled with undamaged DNA (21). This suggests that the
interaction of XPC-Rad23B to cisplatin-damaged DNA would be similar to that of Rad4-
Rad23B with UV-damaged DNA.

With respect to damage and DNA strand orientation, the majority of DNA interactions in the
Rad4 structure are 3′ of the DNA damage (21). Interestingly, the crosslinking analysis of XPC-
Rad23B demonstrates interactions on both the 5′ and 3′ side of the cisplatin lesion. The potential
exists that photo-induced crosslinking of XPC-Rad23B to photoreactive DNA substrates may
be influenced by the presence of the photoreactive FAP-dCMP analogue. However,
crosslinking analysis, in which the analogue was incorporated into the complementary strand,
either 5′ or 3′ of the cisplatin adduct, demonstrates no difference in XPC-Rad23B crosslinking
to the DNA substrates (Supplementary Figure 4). The complete C-terminal and N-terminal
domains of the Rad4 protein are absent in the crystal structure, however the directionality of
the protein domain location is suggestive of an interaction 5′of the lesion. However, further
structural analysis is necessary to have a full assessment of the protein-DNA interaction. The
crosslinking analysis reveals that XPC interacts with both the damaged and undamaged strands
of the DNA duplex. The absence of structural data with the C-terminus of Rad4 makes the
identification of amino acids interacting 5′ of the damaged site impossible. However, structural
analysis suggests that Rad4 interactions with DNA 3′ of the CPD lesion involve amino acids
Val448 to Thr456. Interactions of Rad4 with the undamaged strand of the duplex DNA are likely
to occur via amino acids Lys511 through Leu531. The interactions identified by the Rad4 crystal
structure were based on DNA containing a CPD lesion; however, it is suggestive that the amino
acids in contact with the DNA surrounding an adduct would be the same. In the case of the
CPD lesion presented, amino acids Phe599-Val605 insert between the two DNA strands of the
duplex and interact with nucleotides directly surrounding the CPD adduct (21). As a cisplatin
intrastrand lesion distorts the DNA differently than a CPD lesion, the interaction of XPC-
Rad23B with the damaged DNA may in fact be different, with the difference in distortion
resulting in the differential positioning of XPC on the damaged duplex. This would then
potentially influence the binding and placement of downstream NER proteins and impact the
position of incision relative to the adduct.

While previous data has demonstrated that the size of the incised fragment is the same with
platinum and UV adducts (35), the position of XPG and XPF catalyzed incision on cisplatin
damaged DNA is not known. While initial crosslinking and immunoprecipitation experiments
with XPC-Rad23B were suggestive of a direct Rad23B-DNA covalent crosslink, further
analysis demonstrates that Rad23B does not interact directly with DNA, the interaction occurs
through the XPC subunit. Crosslinking analysis alone does not demonstrate the presence of a
Rad23B-DNA interaction because if a covalent interaction was induced by photocrosslinking,
a complex between 60–100 kDa would be present. Therefore one must be cautious in the
interpretation of data with multi-subunit proteins assessing DNA-protein interactions due to
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the possibility of protein-protein crosslinks. This also highlights the tremendous utility for the
use of photoreactive analogues with high photometric yields for the identification of true
protein-DNA covalent crosslinks without induction of UV induced protein-protein crosslinks.
Based on the data presented and previous structural data involving Rad4 (21), the model depicts
that XPC-Rad23B interacts with both strands of a cisplatin damaged duplex DNA. The XPC
subunit interacts both 5′ and 3′ of the cisplatin adduct and contacts both the damaged strand
and undamaged strand of the duplex. The Rad23B subunit also interacts with both strands of
the duplex DNA and contacts the XPC subunit directly. Following damage recognition and
binding of XPC-Rad23B the duplex DNA opens allowing the RPA-XPA complex to bind to
the damaged DNA (2). The model depicts an RPA-XPA interaction 5′ of the cisplatin lesion
contacting the undamaged DNA strand. The structure of the DNA is further altered by the
addition of RPA-XPA and continues to generate a larger single-stranded region with the
addition of downstream NER proteins, such as TFIIH, XPF and XPG.

In vitro, the XPC-Rad23B heterodimer is sufficient to reconstitute the NER damage recognition
complex and supports dual incision (36). In vivo, Centrin 2 forms a complex with XPC-Rad23B
and it remains unknown how Centrin 2 influences these protein DNA interactions in the cell.
Similarly, XPC is subject to extensive post-translations modifications such as ubiquitination
and sumolyation which can impact DNA binding and protein-protein interactions (37;38). It
has been shown that XPC is reversibly ubiquitinated by DDB, however this ubiquitination does
not trigger XPC degradation (37) and it remains unknown how, after damage recognition, XPC-
Rad23B is released from the site of damage. It is possible that post-translational modifications
may influence the XPC-Rad23B DNA-interaction, and cause XPC-Rad23B to dissociate from
the damaged site. Taken together, it will also be of interest to determine the role of Centrin 2,
DDB and post-translational modifications on XPC-Rad23B-DNA interactions to provide better
insight into the mechanisms of damage recognition and dissociation of XPC-Rad23B from the
damaged DNA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

bp base pair(s)

BSA bovine serum albumin

CPD cyclobutane pyrimidine dimer

ds-DNA double strand DNA

DTT dithiothreitol

EDTA disodium ethylenediaminetetraacetic acid

EMSA electrophoretic mobility shift assay

GG-NER global genomic nucleotide excision repair
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IP immunoprecipitation

NER nucleotide excision repair

Pt cisplatin

RPA replication protein A

TFIIH transcription factor II H

XPA C,F,G, xeroderma pigmentosum group A,C,F,G proteins
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Figure 1.
XPC-Rad23B Photocrosslinks to Undamaged and Cisplatin-Damaged DNA. (A) Increasing
amounts of XPC-Rad23B were incubated with undamaged or cisplatin damaged ds-DNA with
the 32P-label on the damaged strand and photocrosslinked for 60 minutes. Samples were heat
denatured, separated via SDS-PAGE and radioactivity detected by PhosporImager analysis.
(B) Similar crosslinking reactions were performed except the 32P-label was positioned on the
DNA strand complementary to the damaged DNA strand. A schematic of each DNA substrate
is depicted above the gels with the cisplatin indicated by the carat and the position of the 32P-
label by the asterisk. The covalent protein-DNA complex is indicated by the arrow and the free
DNA by the arrow head. (C) Quantification of XPC-Rad23B photocrosslinked to ds-
undamaged or cisplatin-damaged substrates presented in A and B.
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Figure 2.
Damage Specificity of XPC-Rad23B Photocrosslinks revealed by a Photoreactive FAP-dCTP
Analogue (A) Increasing amounts of XPC-Rad23B (2, 4 and 6 pmol) were incubated with
cisplatin-damaged control or FAP-dCMP modified ds-DNA with the 32P-label on the damaged
strand and photocrosslinked for 60 minutes (lanes 1–4) or 10 minutes (lanes 5–8). Samples
were heat denatured, separated via SDS-PAGE and radioactivity detected by PhosporImager
analysis. The stars indicate a photo-induced DNA crosslink observed in the absence of XPC-
Rad23B. (B) Similar crosslinking reactions were performed with the FAP-dCMP modified
using either control (lane 1) or cisplatin-damaged DNA (lane 2). The covalent protein-DNA
complex is indicated by the arrow and the free DNA by the arrow head. A schematic of each
DNA substrate is depicted above the gels with the cisplatin indicated by the carat, the position
of the 32P-label by the asterisk and the position of the FAP-dCMP indicated by the diamond.
(C) Quantification of three independent crosslinking experiments to compare the efficiency of
XPC-Rad23B crosslinking to a cisplatin-damaged or control substrate. A P-value of 0.07 was
determined by a paired student T-test analysis.
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Figure 3.
Orientation of XPC-Rad23B bound to Cisplatin-Damaged DNA. (A) XPC-Rad23B (6 pmol)
was incubated with and photocrosslinked for 10 minutes to cisplatin damaged substrates
containing a 5′ (lanes 1 and 3) or 3′ (lanes 2 and 4) photoreactive FAB-dCMP analogue.
Products were separated by SDS-PAGE and visualized by PhosphorImager analysis. (B)
Quantification of the binding data from three independent crosslinking experiments. A paired
T-test was utilized to determine the statistical significance (P-value <0.05). (C) Schematic of
DNA substrates with the cisplatin indicated by the carat, the position of the 32P-label by the
asterisk and the position of the FAP-dCMP indicated by the diamond.
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Figure 4.
Immunoprecipitation of Photocrosslinked protein-DNA complex with anti-XPC or anti-
Rad23B. (A) XPC-Rad23B was bound and photocrosslinked to radio-labeled undamaged or
cisplatin damaged double strand substrates containing the 32P-label on the damaged strand. IP
was performed with either the XPC (lanes 1–4) or Rad23B antibody (lanes 5–8) and products
were imaged using a PhosphorImager. (B) Reactions were performed similar to those in panel
A except the 32P-label was on the DNA strand complementary to the damaged strand. A
schematic of DNA substrates below each gel is presented with the cisplatin indicated by the
carat and the position of the 32P-label by the asterisk.
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Figure 5.
Immunoprecipitation and Western Blot Analysis of Photocrosslinked XPC in the Absence or
Presence of Damaged DNA. (A) XPC-Rad23B and the indicated DNA substrates were bound,
crosslinked for the indicated time, and immunoprecipitated using the anti-Rad23B antibody.
The IP was then separated by SDS-PAGE, transferred to PVDF and probed with anti-XPC
antibody. Antibody reactivity was visualized by chemiluminescence detection using a HRP-
conjugated secondary antibody. Bracket 1 denotes a covalent protein-protein crosslink that
occurs between XPC and Rad23B subunits that is independent of DNA. Bracket 2 indicates a
covalent protein-DNA crosslink. Free, uncrosslinked XPC is indicated by the arrow. (B)
Identical reactions were performed as described in panel A except the samples were heat
denatured prior to immunoprecipitation.
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Figure 6.
Model of XPC-Rad23B Binding to Cisplatin Damaged DNA. XPC is presented as a yellow
complex, Rad23B as a mauve complex, XPA as a brown complex and RPA as a green complex.
XPC-Rad23B recognizes and binds to cisplatin damaged DNA with placement of the XPC
subunit both 5′ and 3′ of the cisplatin lesion. The Rad23B subunit interacts with the undamaged
strand of the cisplatin damaged duplex 3′ of the cisplatin lesion. After damage recognition,
RPA-XPA binds to the damaged duplex and XPC-Rad23B prepares to dissociate from the
damaged DNA duplex.
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Table 1

DNA Substrates. Single strand substrates are presented along with the complementary strands. The location of
cisplatin damaged is underlined in the substrates and the location of the incorporated photoreactive FAP-dCTP
analogue is presented in italics.

DNA Sequence (5′-3′)

1,2 d(GpG)a CCCTTCTTTCTCTTCCCCCTCTCCTTCTTGGCCTCTTCCTTCCCCTTCCCTTTCCTCCCC

C-1,2 d(GpG) GGGGAGGAAAGGGAAGGGGAAGGAAGAGGCCAAGAAGGAGAGGGGGAAGAGAAAGAAGGG

5′FAP1b CCCTTCTTTCTCTTCCCCCTATC

5′FAP2a TCTCTTGGCCTCTCTCTTCCCCTTCCCTTTCCTCCCC

3′FAP1a b CCCTTCTTTCTCTTCCCCCTATCTCTCTTGGCCTCTCTC

C-FAP AGGGGAGGAAAGGGAAGGGGAAGAGAGAGGCCAAGAGAGATAGGGGGAAGAGAAAGAAGGG

a
Underlined bases indicate the site for cisplatin damage.

b
Italic base indicates the incorporated photoreactive FAP-dCTP analogue.
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