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ABSTRACT: XPC is a 940-residue multidomain protein critical for the sensing of aberrant DNA and initiation
of global genome nucleotide excision repair. The C-terminal portion of XPC (residues 492-940; XPC-
C) has critical interactions with DNA, RAD23B, CETN2, and TFIIH, whereas functional roles have not
yet been assigned to the N-terminal portion (residues 1-491; XPC-N). In order to analyze the molecular
basis for XPC function and mutational defects associated with xeroderma pigmentosum (XP) disease, a
series of stable bacterially expressed N- and C-terminal fragments were designed on the basis of sequence
analysis and produced for biochemical characterization. Limited proteolysis experiments combined with
mass spectrometry revealed that the full XPC-C is stable but XPC-N is not. However, a previously
unrecognized folded helical structural domain was found within XPC-N, XPC(156-325). Pull-down and
protease protection assays demonstrated that XPC(156-325) physically interacts with the DNA repair
factor XPA, establishing the first functional role for XPC-N. XPC-C exhibits binding characteristics of
the full-length protein, including stimulation of DNA binding by physical interaction with RAD23B and
CETN2. Analysis of an XPC missense mutation (Trp690Ser) found in certain patients with XP disease
revealed that this mutation is associated with a diminished ability to bind DNA. Evidence of contributions
to protein interactions from regions in both XPC-N and XPC-C along with recently recognized homologies
to yeast PNGase prompted construction of a structural model of a folded XPC core. This model offers
key insights into how domains from the two portions of the protein may cooperate in generating specific
XPC functions.

Xeroderma pigmentosum complementation group C (XPC)1

is a 940 amino acid protein vital for sensing the presence of
aberrant DNA and initiating global genome nucleotide

excision DNA repair (GG-NER) (1). XPC recognizes a broad
spectrum of helix-distorting lesions present in transcription-
ally inactive DNA (2-6), including bulky ultraviolet radia-
tion-induced lesions (6-4 photoproducts and cyclobutane-
pyrimidine dimers) as well as cisplatin adducts (7-9).
Damage recognition by XPC is stimulated through its
protein-protein interactions with the ubiquitin-like protein
human homologue of Rad23 B (RAD23B) (10) and the EF-
hand calcium binding protein centrin-2 (CETN2) (11). The
heterotrimeric XPC-RAD23B-CETN2 complex partici-
pates in the first fundamental step of GG-NER, DNA damage
recognition, and sets the stage for the following two steps,
DNA damage excision and gap-filling synthesis and ligation.
In total there are∼25-30 distinct polypeptides that function
in GG-NER; seven of them are encoded by genes (XPA
throughXPG) in the xeroderma pigmentosum gene family
(12).

In addition to its critical role in DNA damage sensing,
XPC performs protein recruitment functions essential for
effective GG-NER. This includes the recruitment of tran-
scription factor IIH (TFIIH) via direct protein-protein
interactions (5, 13). The helicase activity of TFIIH subunits
XPB and XPD prepares the lesion site for a transition from
DNA damage sensing to DNA damage excision. The NER
factor XPA is also believed to play a critical role in this
transition, in association with RPA, by helping to dissociate
the XPC-RAD23B complex from the damaged DNA (14)
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and positioning the 3′- and 5′-nucleases XPG and XPF-
ERCC1, respectively, for their damage excision activities
(15-17).

Patients with the autosomal recessive disease xeroderma
pigmentosum (XP) suffer decreased DNA repair capability
because of abnormalities in one of the XP genes and its
translated protein (2). XP patients are classified into specific
complementation groups (XP-A through XP-G) depending
on which XP gene is abnormal. Patients with XP experience
1000-fold higher incidences of basal and squamous cell
carcinomas and malignant melanomas of the skin and more
rarely, especially for XP-C patients, neurological symptoms
(18-20). Different sensitivities to UV radiation and different
susceptibilities to tumor development are observed among
the XP complementation groups (21). Hence, the molecular
basis for XP disease appears to be different for the different
XP proteins; little is known about how these defects are
related.

The importance of XPC is underscored by known muta-
tions in the protein that are directly associated with XP
disease (22). However, until the study reported here, there
was no direct evidence for the biochemical defect(s) associ-
ated with any specific mutation found in XP-C patients. The
medical relevance of XPC extends beyond just XP disease,
as recent studies implicate theXPC gene in lung tumori-
genesis (23).

Significant insights have been made recently into the
biological integration of GG-NER and cell cycle processes.
This includes not only more detailed understanding of the
biochemical steps in GG-NER (16, 24, 25) but also the
potential coordination of these steps with other cellular
activities such as centrosomal cycling (11, 26-28), protea-
somal degradation (29, 30), chromatin remodeling (31, 32),
and posttranslational modification such as sumoylation or
ubiquitylation (33-36). XPC may have a central role in this
network, since it interacts with multiple DNA processing
factors: DNA (37), RAD23B (37), CETN2 (26), TFIIH (5),
UV-DDB (33), XPA (14), and thymine DNA-glycosylase
(38). The interactions with DNA, RAD23B, CETN2, and
TFIIH have all been mapped to specific regions in the
C-terminal half of XPC (residues 492-940) (6, 27), but the
interaction sites for the other binding partners are not known.
Remarkably, despite being nearly 500 residues in length,
there are no specific functional roles or structural domains
assigned to the N-terminal portion of XPC (residues 1-491).

Although there is widespread interest in XPC, biochemical
and structural characterization of this protein has been rather
limited because it is large and very difficult to produce in
high quantities by traditional methods. We report here the
construction of high level bacterial expression systems for
XPC fragments and their use to (1) identify a structural
domain in the N-terminal half of XPC, (2) show that this
domain interacts with XPA, (3) produce a stable construct
containing the C-terminal portion of the protein (XPC-C),
(4) show that XPC-C replicates the DNA-binding activity
and certain protein interaction functions (RAD23B and
CETN2) of the full-length protein, (5) determine the bio-
chemical defect associated with a mutation found in certain
patients with XP disease, and (6) construct and interpret a
model of a folded XPC core.

EXPERIMENTAL PROCEDURES

Sequence Analysis.Five XPC homologues were selected
for multiple sequence alignment (MSA) from an initial
BLAST search performed at the Swiss Institute of Bioin-
formatics using the BLAST network service (39, 40).
Selection criteria for inclusion in the MSA were score and
e-value and that the sequence was not flagged as a fragment,
hypothetical, or predicted. The primary sequences of the XPC
homologues [Homo sapiens, Mus musculus, Drosophila
melanogaster, Schizosaccharomyces pombe, andSaccharo-
myces cereVisiae] were aligned using T-COFFEE (41) at the
ExPASy proteomics server (40).

Two other prediction algorithms were accessed through
the ExPASy proteomics server: (1) SSpro (42) was used
for secondary structure prediction and (2) NetPhos 2.0 (43)
was used for predictions of serine, threonine, and tyrosine
phosphorylation sites, both using the human XPC primary
sequence. Protein disorder predictions were performed using
two algorithms that resulted in very similar predictions,
DISOPRED (44, 45) and IUPred (46).

Molecular Biology of Plasmid Constructs. Human XPC
and CETN2 constructs were produced in three standard
steps: (1) the desired DNA was synthesized by polymerase
chain reaction (PCR) and purified by agarose gel electro-
phoresis, (2) the DNA was digested withNdeI and BamHI
(for the pET15b vector) orBamHI andNotI (for the pLM302
and pBG102 vectors), and (3) the digested DNAs were
subcloned into the appropriate restriction sites of either the
pET15b (His6), pLM302 (His6-MBP), or pBG102 (His6-
SUMO) vectors. Both pLM302 and pBG102 are in-house
modified vectors derived from pET27 (L. Mizoue, Center
for Structural Biology, Vanderbilt University). The mu-
tation Trp690Ser was incorporated into XPC-C using the
QuikChange site-directed mutagenesis kit (Strategene,
La Jolla, CA). In order to remove the single naturalBamHI
restriction site in XPC (to allow for ligation into pET15b)
nucleotides 1023 (G to A) and 1026 (T to C) were mutated,
which resulted in no alteration of the sequence.

XPA constructs were produced by digesting the PCR DNA
product with BamHI and NotI and subcloning into either
pGEX-6p-1 (GST), pLM302, or pBG102 vectors (all tags
N-terminal). The RAD23B plasmid used in this study was
kindly provided by Prof. Rick Wood (University of Pitts-
burgh Cancer Institute, Pittsburgh, PA) and fuses a C-
terminal His6 tag to RAD23B (47). DNA sequencing verified
that all plasmids contained the correct nucleotide sequence.

Protein Expression and Isolation. XPC [Rosetta(DE3)],
XPA [Rosetta(DE3)], RAD23B [BL21(DE3)], and CETN2
[BL21(DE3)] proteins were expressed in the indicated
Escherichia colistrain at 37°C. Typically, protein expression
was induced with 1 mM isopropyl thio-â-D-galactopyrano-
side (IPTG) and proceeded for 2-4 h at 37°C or for 4-6
h at 18-24 °C. Cells were harvested by centrifugation at
8000g and 4°C. Cells were lysed by sonication at 4°C in
20 mM Tris buffer (pH 8.0) containing 300 mM NaCl, 20
mM imidazole, 1% Nonidet P-40 (NP-40), 0.1 mg/mL
lysozyme,∼10 mg of DNase I, 5 mM 2-mercaptoethanol
(BME), 0.5 mM phenylmethanesulfonyl fluoride (PMSF),
and 10% protease inhibitor cocktail tablet (PICT; Roche
Diagnostics, Indianapolis, IN) per liter of cell culture. The
lysate was separated into soluble (XPC-N, RAD23B, CETN2,
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XPA) and insoluble (XPC-C) fractions by centrifugation at
∼23000g and 4°C. For XPC(154-331) the pH was adjusted
to 7.0 to enhance stability and solubility. For XPA proteins,
the solution contained additional 20µM zinc acetate and 1.0
mM magnesium sulfate with buffer at pH 7.0. Inclusion
bodies of the XPC-C fragments were stored at-30 °C for
refolding.

Refolding of XPC-C.Prior to refolding the XPC C-terminal
fragments, the inclusion bodies were washed for 1 h atroom
temperature using 30 mL of detergent solution containing
20 mM potassium phosphate (K2HPO4) (pH 8.0), 100 mM
potassium sulfate (K2SO4), 2% NP-40, 2% Triton X-100,
2% glycerol, 10 mM BME, and 0.5 mM PMSF. Insoluble
material was pelleted by centrifugation for 10 min at
∼23000g and 4°C. The insoluble fraction was suspended
with 30 mL of 20 mM Tris buffer (pH 7.0) containing 1.0
M guanidine hydrochloride (GuHCl), 300 mM NaCl, 20 mM
imidazole, 10% glycerol, 1% NP-40, 5 mM BME, and 0.5
mM PMSF, and the remaining insoluble material was
pelleted by centrifugation for 10 min at∼23000g and 20
°C.

The protein in the pellet was denatured in 30 mL of 20
mM Tris buffer (pH 7.0) containing 6 M GuHCl, 300 mM
NaCl, 20 mM imidazole, 10% glycerol, 1% NP-40, and 5
mM BME [solid-phase refolding solution 1 (SPR1)]. The
solution was applied to a 6-8 mL Ni2+ affinity column,
washed with∼15 CV of SPR1 (room temperature) followed
by another∼45 CV of solid-phase refolding solution 2
(SPR2) (4°C), which contained 20 mM Tris buffer (pH 7.0),
300 mM NaCl, 20 mM imidazole, 10% glycerol, 1% NP-
40, 5 mM BME, 0.5 mM PMSF, and 1 PICT (per 250 mL).
The protein was eluted from the Ni2+ resin using SPR2
containing increasingly higher amounts of imidazole (40, 80,
120, 160, 200, or 500 mM) and sufficient solid arginine in
the tube to yield a 200 mM concentration in the final eluate
volume. The first 500 mM imidazole elution contained the
majority of the refolded XPC-C (∼20 mg final yield).

Protein Purification. Both RAD23B and CETN2 con-
structs were purified by Ni2+ affinity chromatography
followed by Q-Sepharose ion-exchange chromatography
(5-10 mg final yield). His6-tagged N-terminal XPC proteins
were first purified by binding to HIS-Select nickel affinity
resin (Sigma, St. Louis, MO) and eluting with increasing
imidazole gradient. A second purification step included either
anion- or cation-exchange chromatography using DEAE- or
SP-Sepharose HiTrap columns (Amersham Biosciences,
Uppsala, Sweden), respectively. GST-XPA was purified by
binding to GSH-Sepharose resin (Amersham Biosciences).

Limited Proteolysis and Protease Protection.Limited
proteolysis was performed at room temperature over 2 h
using 130µL of purified XPC(65-331) or XPC(492-940)
solution from the primary refolding elution (∼0.4 mg/mL).
Either proteinase K, subtilisin, chymotrypsin, or trypsin (3-
20 ng) (from 1 ng/µL stock solutions) was added to the
samples and incubated. Aliquots of 10µL were removed
from the reaction mix at time points 0, 1, 5, 10, 15, 20, 30,
45, 60, 90, and 120 min postaddition of the protease and
combined with 10µL of gel loading solution. The gel sample
for each time point was heated immediately at 90°C for 10
min and then placed on ice for the remainder of the
experiment until complete analysis by SDS-PAGE.

Protease protection assays were performed in a similar
manner as the limited proteolysis reactions. XPC(65-331)
was supplemented with either His-SUMO-XPA or mock
buffer [20 mM Tris (pH 7.5), 300 mM NaCl, 200 mM
imidazole, 20µM zinc acetate, 1.0 mM magnesium sulfate,
1 mM BME]. XPA was added to give a 1:1 stoichiometry
with XPC(65-331). Control XPA digestions were also
performed. Chymotrypsin (5 ng) was added to each sample
and the assay carried out as detailed for limited proteolysis.
Additional time points at 24, 48, 72, and 96 h after protease
addition were analyzed to monitor the long-term stability
conferred by the interaction of the proteins.

XPC(492-940) was supplemented with either CETN2 or
just buffer. CETN2 was added in an∼1:1 stoichiometry with
XPC-C (both proteins at∼7.5 µM). A control CETN2
digestion was also performed. Proteinase K (5.5 ng) was
added to each sample and the assay carried out as detailed
for limited proteolysis. An additional time point at 18 h after
protease addition was analyzed to monitor the long-term
stability conferred by XPC-C-CETN2 interaction. Protease
protection experiments between XPC-C and RAD23B were
performed in an identical manner.

ssDNA-Cellulose Binding. Refolded XPC(492-940) was
first dialyzed at 4°C into 1 L of a 25 mMTris buffer (pH
7.0) containing 1 mM EDTA, 10% glycerol, 0.01% NP-40,
5 mM BME, 0.5 mM PMSF, and NaCl (2.0-0.5 M by 0.5
M steps). RAD23B and CETN2(22-172) were prepared by
dialysis with XPC(492-940) during the final dialysis step.
The final concentrations of the XPC(492-940), RAD23B,
and CETN2(22-172) stock solutions were determined by a
combination of UV-absorption spectrophotometry and amino
acid analysis. Protein samples were prepared the day before
the experiment, as detailed in the legend to Figure 7.

Cellulose bound to calf thymus ssDNA (Sigma, St. Louis,
MO) was prepared according to the methods described by
Alberts and Herrick (48). Columns were equilibrated into
one of two binding solutions: (1) for experiments in Figure
7, 20 mM Tris, 30 mM HEPES (pH 7.0), 500 mM NaCl, 7
mM MgCl2, 100 µM ZnCl2, 5 mM creatine phosphate, 2
mM ATP, 2.7% glycerol, 0.0027% NP-40, 5 mM BME, and
0.5 mM PMSF; (2) for experiments in Figure 8, 20 mM Tris
(pH 7.0), 500 mM NaCl, 5 mM BME, and 0.5 mM PMSF.

Protein samples were applied to either the ssDNA-
cellulose or cellulose columns by gravity flow at 4°C. The
columns and any bound protein were washed, and bound
proteins were eluted from the columns using binding solution
containing 2.0 M NaCl rather than 0.5 M NaCl.

Nitrocellulose-DNA Filter Binding Assay. Nitrocellulose
disks (0.45µm) (Millipore, Billerica, MA) were prepared
for protein retention by base treatment with 0.5 M potassium
hydroxide solution for 20 min (49). The oligomer (MWG-
BIOTECH Inc., High Point, NC) (5′-TTCCTCCTTCT-
TCTCTTCCTCCTTCTTGGTTCTCTTCTTCTC CTCTTC-
CTCCTTCTTCTC-3′) was radiolabeled using polynucleotide
kinase. UV-damaged DNA was prepared by irradiating32P-
DNA with 20 kJ/m2 using a Stratagene Stratalinker (Strat-
agene, La Jolla, CA).

Binding reaction samples were prepared by mixing protein
(0-400 nM), DNA (30-40 nM), and buffer to achieve a
final reaction volume of 15µL and final solution composition
of 40 mM creatine phosphate, 30 mM HEPES (pH 7.9), 7
mM MgCl2, 4 mM Tris, 2.7% glycerol, 0.0027% NP-40, 100
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mM NaCl, and 1.0 mM BME (for Figure 7E) or 23 mM
Tris (pH 7.0), 0.09 mM EDTA, 9.3% glycerol, 0.009% NP-
40, 460 mM NaCl, and 4.6 mM BME (for Figure 8E). The
samples were then centrifuged at 14000g for 5 s, incubated
at room temperature for 30 min, and then placed on ice prior
to application to the disks. Treated nitrocellulose disks were
placed on a vacuum apparatus (Hoefer Scientific Instruments
Model FH225V, San Francisco, CA; kindly provided by Prof.
Wallace LeStourgeon, Department of of Biological Sciences,
Vanderbilt University), sealed using 25 mm diameter chim-
ney weights, and prewashed with 1.0 mL of a solution
containing 30 mM HEPES (pH 7.9) and 7 mM MgCl2

(NFBA solution). A single binding reaction sample then was
applied to a disk under vacuum (20-30 mmHg). After
application of the sample, each disk was washed with 10
mL (5 × 2 mL) of NFBA solution. Upon completing the
wash steps, the chimney weights and disks were removed
and the disks allowed to air-dry for 1 h before being
immersed in 3 mL of Betamax ES scintillation fluid (MP
Biomedicals, Irvine, CA). Scintillation counts were obtained
using a Beckman LS5000TD (Fullerton, CA) apparatus.

Saturation isotherm analysis was performed by fitting the
binding curves to a simple two-state binding equation:m3

+ [(m1m0)/(m2 + m0)], where m0 is the total protein
concentration,m1 is the curve amplitude,m2 is the dissocia-
tion constant, andm3 is the y-value (bound protein) at
[protein] ) 0. Curve fitting analysis and the plotting of
figures were performed using Kaleidagraph 3.5 (Synergy
Software, Reading, PA).

Circular Dichroism. Circular dichroism (CD) measure-
ments were made using samples that were 30-50µM protein
in either 20 mM Tris buffer (pH 8.0) containing 300 mM
NaCl, 1 mM BME, 0.5 mM PMSF [XPC(65-331), and
XPC(65-128)] or 100 mM sodium phosphate buffer (pH
7.0) containing 150 mM NaCl and 1 mM DTT [XPC(154-
331)]. A Jasco J-810 CD spectrometer (Easton, MD) was
used to scan samples in either a 0.1 cm (far-UV CD) or 1
cm (near-UV CD) path length cuvette from wavelength 250
to 200 nm (far-UV) or 350 to 240 nm (near-UV). Temper-
ature was controlled at 4°C using a Peltier device.

GST Pull Down. XPC fragments [XPC(65-331), XPC-
(344-517), MBP-XPC(492-940), XPC(815-940)] were
expressed in 10 mL LB cultures, and cell pellets were
suspended in 20 mM Tris buffer (pH 7.0) containing 300
mM NaCl, 20 mM imidazole, 1 mM BME, 1% NP-40, 20
µM zinc acetate, 1.0 mM magnesium sulfate, 0.5 mM PMSF,
0.1 mg/mL lysozyme,∼10 mg of DNase I, and 0.1% PICT.
Cell suspensions were lysed by sonication at 4°C. A 1 mL
aliquot of each sonicated protein solution was transferred to
an Eppendorf tube and separated into soluble and insoluble
fractions by microcentrifugation for 5 min at 16100g and 4
°C. The soluble fractions were carefully pipetted into fresh
Eppendorf tubes containing 35µL of GSH-Sepharose resin
bound to GST-XPA. The XPC/GSH-Sepharose-GST-
XPA mixes were gently rocked for 1 h at 4 °C and then
microcentrifuged for 1 min at 1000 rpm and 4°C. Super-
natants were decanted, and the GSH-Sepharose-GST-
XPA resin was treated with five cycles of washing with 1
mL of binding solution [20 mM Tris buffer (pH 7.0)
containing 300 mM NaCl, 20 mM imidazole, 1 mM BME,
1% NP-40, 20µM zinc acetate, 1.0 mM magnesium sulfate,
100 µg/mL bovine serum albumin, and 0.5 mM PMSF]

followed by microcentrifugation for 1 min at 1000 rpm and
4 °C. After washing, the supernatant was carefully removed
by pipet, and proteins bound to the GSH-Sepharose-GST-
XPA resin were analyzed by SDS-PAGE. Control experi-
ments were performed using only GSH-Sepharose-GST
resin. Additional GSH-Sepharose-GST-XPA pull-down
experiments were performed using highly purified XPC(65-
331), XPC(65-128), and XPC(154-331) rather than cellular
lysate.

Modeling of XPC-TGC. The remnant N- and C-terminal
transglutaminase sequences were fused in silico, omitting
∼150 residues of the intervening linker, to create a 319-
residue XPC transglutaminase core (XPC-TGC) sequence
that fused residues 154-331 to residues 517-657. Twenty-
five residues from the linker between the remnant trans-
glutaminase sequences were left in place in order to obtain
insight into the probable spatial location of the long unfolded
segment relative to the N- and C-terminal subdomains. The
fusion sequence was analyzed by the Meta Server at the Bio
Info Bank Institute (www.bioinfo.pl) to identify the most
suitable structural template and generate a sequence align-
ment to guide the modeling. The yeast PNGase X-ray crystal
structure (50) scored as the best template for modeling XPC-
TGC (J score) 142). The sequence alignment was used to
generate a homology model of XPC-TGC using MOD-
ELLER (51) on the Bioinformatics Toolkit Server (Max
Planck Institute) (52). Residues contained in the final model
include 168-331 and 517-646 with 331 fused to 517,
resulting in a 294 amino acid XPC-TGC construct. The side
chains of the model were repacked, and the model was
energy minimized using SCWRL (version 3.0) (53), followed
by additional energy minimization and molecular dynamics
calculations using AMBER (version 7.0) (54). PROCHECK
analysis (55) indicates that the model has stereochemical
parameters as good as the template crystal structure with
99.2% of the backbone dihedral angles in the allowed regions
of φ,ψ space. Further analysis of the packing of residues in
the model was performed using QPACK (sumpairs score)
-1.7) (56), which indicates a high-quality packing arrange-
ment. Superposition of XPC-TGC and the yeast PNGase
crystal structure gives a backbone rms deviation of 1.1 Å.

RESULTS

The lack of availability of full-length XPC protein has
greatly hindered efforts to characterize its structure and
function. XPC does not express inE. coli (57), and fragments
of XPC that do express are mostly found in insoluble
inclusion bodies (58). Several reasons have been suggested
for these bacterial production difficulties: (1) high concen-
trations of XPC may be toxic toE. coli, possibly through
altered DNA metabolism (59, 60); (2) XPC possesses a high
number of arginine codons whose tRNAs are rare inE. coli
(10); (3) XPC is intrinsically unstable without binding
partners and thus susceptible to proteolytic degradation (29,
57). Hence, the first goal was to overcome these challenges
and develop reagents for subsequent biochemical and
structural analysis.

Initial efforts to characterize the structure of XPC focused
on producing full-length protein for limited proteolysis
experiments combined with N-terminal sequencing and mass
spectrometry. Despite extensive efforts to use baculovirus
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expression on a larger scale than previously described (10),
yields of soluble XPC from baculovirus infection of Sf9
insect cells were so low that a sufficient amount of full-
length protein could not be generated. We therefore turned
to an alternative strategy, combining sequence analysis with
a series of subcloning and biochemical experiments.

Analysis of the XPC Sequence. Four different algorithms
were used to analyze the sequence of XPC: (1) protein
disorder prediction; (2) phosphorylation potential prediction;
(3) secondary structure prediction; (4) multiple sequence
alignment (MSA) using five homologues (H. sapiens, M.
musculus, D. melanogaster, S. pombe, and S. cereVisiae).
Application of these computational tools suggested the
presence of at least one structured region in XPC-N and one
or more additional structured regions in XPC-C (Figure 1).

Protein disorder prediction suggests an ordered region
exists in XPC-N (segment 2), which is flanked by disordered
regions (segments 1 and 3) (Figure 1A). Secondary structure
predictions indicated that segments 1 and 2 both contain
approximately 50%R-helix, 10% â-strand, and 40% coil,
whereas segment 3 is predicted to contain 9%R-helix, 3%
â-strand, and 88% coil. MSA did not reveal any large regions
of primary sequence conservation spanning the N-terminal
portion of the protein. However, two short regions within
segment 2 do have significant similarity to the homologous
proteins (vide infra).

MSA proved to be the most powerful approach for
analyzing XPC-C because a large conserved region was
found spanning residues 530-870 (∼15% sequence identity
and 41% sequence similarity; Supporting Information, Figure
1). Secondary structure prediction for this conserved region
gives 39%R-helix, 16%â-strand, and 45% coil. Prediction
of protein disorder and phosphorylation site potential rein-
forced the MSA results: disorder probability was near zero
between residues 520 and 870 (Figure 1A, segment 4), and
the phosphorylation potential distribution over that same
amino acid span was remarkably different from the rest of
the protein (Figure 1B). In particular, many serine residues
in XPC-N showed strong phosphorylation potential (near
1.0), including a cluster of serines in the middle of the
sequence, whereas the region between residues 524 and 869
was largely devoid of such serine sites. Notably, our results
from sequence analysis were in agreement with the general
predictions deposited in the Pfam-A database (61, 62), which
also suggest that the region 520-870 is fundamentally
distinct from the rest of XPC. The prediction of structure in
the region 520-870 is also fully consistent with the mapping
of XPC interactions with DNA (6), RAD23B (6), and
CETN2 (11, 27) to functional domains within XPC-C (Figure
1C).

Protein Production and Analysis of Domains. Working
from the sequence analysis, a number of constructs were
designed around the putative structured regions (Figure 1A,
segments 2 and 4). The primary goal in these designs was
to produce domains that could be readily produced to map
and characterize structure and function. Over 60 XPC
constructs were expressed and purified; a complete list is
provided in Supporting Information, Figure 2. Of all of the
XPC-N constructs, XPC(65-331) was most promising as it
demonstrated excellent expression and solubility properties.
XPC-C constructs expressed primarily in inclusion bodies,
so it was necessary to develop a protein refolding procedure
(see Experimental Procedures; Supporting Information,
Figure 3). The refolding protocol took advantage of the His6

tag, which enabled use of an in situ refolding strategy (63).
Of all of the XPC-C constructs, the full-length XPC(492-
940) displayed the most efficient refolding and highest yield
of soluble protein. Although many other constructs were
characterized, the focus from this point on will be on these
two “best” constructs: XPC(65-331) and XPC(492-940).

To determine if XPC(65-331) contained one or more
structural domains, it was analyzed by a series of limited
proteolysis experiments using four different proteases: trypsin,
chymotrypsin, subtilisn, and proteinase K. Formation of an
∼20 kDa fragment was observed in all experiments (Figure
2A, band b). To identify this fragment, it was gel excised
and digested into peptides using excess trypsin or chymot-

FIGURE 1: Analyses of the human XPC amino acid sequence. (A)
Plot of protein disorder probability versus residue. The red bars
indicate regions of XPC predicted to be highly ordered/structured.
(B) Plot of phosphorylation potential versus residue for serine (blue),
threonine (green), and tyrosine (red) residues. The red bar indicates
a region of XPC that is distinct because of its lack of high potential
serine phosphorylation sites. (C) Schematic diagram of XPC
domains and several constructs designed from sequence analyses.
The XPC regions proposed to interact with RAD23B (6), TFIIH
(5), CETN2 (27), and DNA (6) are highlighted as indicated. Red
bars indicate the predicted ordered regions from panel A.
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rypsin, and the peptides were analyzed by MALDI-TOF MS/
MS. The data showed that this fragment contains residues
156-325 (Supporting Information, Figure 4). An XPC(154-
331) construct was then designed and produced for further
analysis.

The presence of stable structure within XPC(65-331) was
further assessed by circular dichroism (CD). Analysis of the
far-UV CD spectrum for XPC(65-331) reveals primarily
R-helical secondary structure, as evidenced by the charac-
teristic minima at 208 and 222 nm (Figure 3A). The near-
UV CD spectrum (Figure 3B) indicates a stable tertiary fold
with significant aromatic interactions in the hydrophobic
core. XPC(154-331) produced a CD spectrum with strong
R-helical character (Figure 3C). In stark contrast, isolated
XPC(65-128) produced a CD spectrum predominantly of
random coil nature (Figure 3D). Thus, XPC(65-331)
contains a structured domain spanning residues 154-331.
These data are the first direct evidence for a folded structural
domain within the N-terminal portion of XPC.

To assess structural stability and determine if there are
distinct structural domains in the C-terminal portion of XPC,
limited proteolysis experiments were performed on XPC-
(492-940) using three different proteases: proteinase K,
trypsin, and chymotrypsin (Figure 2B). Several discrete and

stable fragments formed during incubation of XPC(492-
940) with the nonspecific protease proteinase K (177
potential cleavage sites), suggesting the presence of structured
regions (Figure 2B, left panel). In the case of the more
specific proteases trypsin and chymotrypsin (71 and 86
potential cleavage sites, respectively), XPC(492-940) ex-
hibited a remarkable resistance to proteolysis over the
duration of the experiments (Figure 2B, middle and right
panels). Figure 2B shows that, in addition to the persistence
of intact XPC(492-940), two major fragments in the range
25000-30000 Da formed during trypsin and chymotrypsin
digestion. These observations suggest that the proteases were
only able to cleave at a select number of exposed residues,
while other sites were buried, consistent with the presence
of a stable folded core within XPC-C.

Structural Model of the XPC Core. The evidence for the
presence of stable folded structural domains in both the N-
and C-terminal portions of XPC prompted further investiga-
tion of the sequence, focusing explicitly on the putative
structured regions. As noted above, XPC contains two
regions (154-331, 517-657) that align with members of
the transglutaminase superfamily (transglutaminases, PN-
Gases, and XPC/Rad4) (64). Remarkably, the remnant
transglutaminase sequence in XPC is divided into two parts

FIGURE 2: Characterization of the stability of XPC fragments by limited proteolysis. (A) XPC(65-331) proteolysis reaction monitored
over the course of 2 h with an additional time point at 24 h. Band a represents the parent XPC(65-331) protein (black arrow), and band
b represents the major∼20 kDa stable fragment found in all proteolysis reactions (arrowhead). (B) Investigation of the stability of XPC-
(492-940). Arrows represent the intact protein, while arrowheads indicate the major proteolysis fragments observed during the experiment.
7.5µL of each reaction was analyzed by SDS-PAGE (4-12%) and visualized for protein by staining with Simply Blue SafeStain (Invitrogen).
Protein markers (M) are indicated in kDa.
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by an∼175 residue insertion, which corresponds closely to
the predicted highly disordered segment 3 (Figure 1A). The
154-331 sequence corresponds closely to the N-terminal
structural domain we discovered from biochemical analysis.
The remainder of the transglutaminase sequence (residues
519-634) corresponds to the first third of the predicted
structured region (segment 4) within XPC-C.

To gain further insight into the putative transglutaminase
fold in XPC, a homology model of the XPC transglutaminase
core (XPC-TGC) was constructed using the recently deter-
mined X-ray crystal structure of the yeast PNGase (50). To
facilitate the model building, the N- and C-terminal trans-
glutaminase sequences were fused in silico, reducing the
intervening linker from∼175 to 25 residues (Figure 4A).
Thus, a 319-residue construct fusing residues 154-331 to
517-657 was built and analyzed using the Meta Server at
the Bio Info Bank Institute (65). The Meta Server sequence
alignment (Supporting Information, Figure 5) was used to
generate the homology model. The best template obtained
was the yeast PNGase (J score) 142). Surprisingly, analysis
of alignments from 154 to 331 or 517 to 657 alone achieved
lower alignment scores than that for the fused sequence.
Residues contained in the final model include 168-331 fused
to 517-646, leaving out 26 residues from the alignment at
the N- and C-termini, because information was not sufficient
to model their structure. The quality of the model was
assessed by a number of standard approaches as described
in Experimental Procedures. For example, PROCHECK
analysis revealed that the stereochemical parameters of the
model are as good as the template, with 99.2% of the
backbone dihedral angles in the allowed regions ofφ,ψ
space.

As expected, the XPC-TGC closely resembles the trans-
glutaminase fold present in the yeast PNGase. The rmsd over
all backbone atoms in the model is only 1.1 Å. The structure
contains a highlyR-helical N-terminal subdomain that packs
with theâ-strands of the C-terminal subdomain to generate
a complete transglutaminase fold (Figure 4A). The strongest

linkage between the two parts of the fold is the insertion of
aâ-strand from the N-terminal subdomain (Thr313-Ser318)
into the C-terminal subdomain to form a four-stranded
â-sheet in the manner of a domain-swapped dimer (Figure
4A). The interface between the two subdomains is substantial
with ∼3200 A2 of occluded accessible surface area. The 25-
residue linker forms a loop projecting out from the surface
of XPC-TGC, implying that the complete 175-residue linker
in native XPC could also extend from the surface of the
protein without interfering with the (putative) folded core.

The molecular surface of the XPC-TGC was additionally
analyzed for its hydrophobic character and electrostatic
potential (Figure 4B). Overall, the molecular surface of XPC-
TGC is unremarkable for any distinct large hydrophobic
patches; however, there are unique electrostatic surface
features. For example, the centralâ-sheet and anR-helix
(Asp295-Leu309) form the ends of an acidic crevice (Figure
4B). The acidic crevice of the yeast PNGase not only
contains the catalytic triad residues necessary for its glyca-
nase activities but even had bound sucrose molecules in the
crystal structure (50). Since XPC does not have a functional
catalytic triad, the role of the acidic crevice is unknown.
Certainly, the acidic nature of the crevice would not be
conducive to binding to DNA because of repulsions with
the negatively charged phosphodiester backbone. Thus, the
acidic crevice presumably serves to mediate protein-protein
interactions. The molecular surface of XPC-TGC is notable
also for several basic patches (Figure 4B). The overall
isoelectric point of XPC is 9.1, consistent with the large
regions of positive charge on the surface, which point to
binding of DNA. However, only residues 606-646 in the
model have been implicated in DNA binding with the
remainder extending beyond toward the C-terminus (6).
Hence, the majority of the positively charged surface of XPC-
TGC apparently serves functions other than DNA binding.

XPC(154-331) Interacts with XPA. As noted above, there
are no confirmed functions currently assigned to the N-
terminal portion of XPC. A survey of interactions of XPC-N

FIGURE 3: Identification of a structured N-terminal domain in XPC using circular dichroism. (A, B) The far-UV (A) and near-UV (B) CD
spectra of XPC(65-331), respectively. (C, D) The far-UV CD spectra of (C) XPC(154-331) and (D) XPC(65-128), respectively.
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with ssDNA, RAD23B, and PCNA (data not shown) did not
demonstrate positive hits for binding. However, preliminary
experiments did suggest that further investigation of possible
interactions with XPA was warranted. XPA was previously
determined to physically interact with XPC (14, 66), but the
precise region of XPC involved in the interaction was not
elucidated.

To determine if it is specifically the structured domain
XPC(154-331) that is required for interaction with XPA, a
series of XPA pull-down experiments were performed with
a variety of different XPC constructs. One set of experiments
involved using GST-XPA bound to GSH-Sepharose resin
to pull down overexpressed XPC fragments directly from
the bacterial cellular lysate, i.e., without purification. Figure
5A shows that GST-XPA has a significant affinity for XPC-
(65-331), a significantly weaker interaction with XPC(492-
940), and no interaction with regions of XPC that are
predicted to be disordered (segments 1, 3, and 5 in Figure
1A). A second set of pull-down experiments were then
performed using highly purified XPC(65-331), XPC(65-
128), and XPC(154-331). As observed directly from cellular
lysate, XPA showed physical interaction with XPC(65-331)
(Figure 5B). The region of interaction was furthered refined
to residues 154-331, since XPA was able to pull down XPC-
(154-331) but not XPC(65-128) (Figure 5B). One ad-
ditional qualitative observation was made: comparison of
our pull-down results to published data suggested that the
overall affinity of the interaction of XPC with XPA is weaker
or more transient than the high-affinity interactions of native
XPC with RAD23B and CETN2 (1:1 stoichiometry) (27, 37).

XPA interactions with the N-terminal region of XPC were
further examined by protease protection experiments using
XPC(65-331) and His6-SUMO-XPA digestion with chy-
motrypsin. In the absence of a binding partner intact XPC-
(65-331) was digested within 2 h into two prominent

FIGURE 4: Structural model of the putative XPC transglutaminase
core. (A) Schematic diagram of the XPC-TGC sequence. (B)
Ribbon diagram of the homology model with the two subdomains
and linker color coded. (C) Molecular surface representations of
XPC-TGC colored according to electrostatic potential (top) and
hydrophobic accessible surface (bottom). Negative charge potential
is represented in red, positive charge potential in blue, and
hydrophobic potential in yellow. The orientation of the XPC-TGC
surface on the left side corresponds to the same orientation as shown
in the ribbon diagram in panel B. Surfaces were prepared using
GRASP (top) (78) and Chimera (bottom) (79).

FIGURE 5: Characterization of the interaction of XPC(65-331) with
XPA. (A, B) GSH-Sepharose resin with bound GST-XPA was
used in pull-down experiments on the indicated XPC constructs.
Input: 0.005% of the soluble fraction of the XPC construct was
incubated with GSH-Sepharose-GST-XPA resin. Bound and
GST control: 18% of the resin was analyzed for bound XPC. GST-
XPA: 18% of the resin was used in the pull-down experiments.
(C) Protease protection experiments performed with proteinase K.
Time in hours is indicated at the top of each lane, and protein
markers (kDa) are indicated on the left. White arrows denote the
starting proteins. The arrowhead indicates the significantly protected
XPC fragment.
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fragments between 15 and 20 kDa. By 48 h only a few faint
fragments<8 kDa were left (Figure 5C, left panel). When
XPA alone was digested, two stable fragments also between
15 and 20 kDa were formed and remained stable over 96 h
(Figure 5C, right panel). When XPC(65-331) and XPA were
incubated together, there was a striking protection of an∼8
kDa fragment (Figure 5C, middle panel). The effect was
particularly noticeable at 96 h, where no fragment of this
size was observed in either of the experiments with isolated
proteins. To identify the origin of this fragment, the band
was excised from the gel and subjected to MALDI-TOF MS/
MS analysis, which showed that it contains residues 248-
325. These data thus confirmed that the fragment protected
by binding of XPA arises from the structured domain of
XPC-N. To further confirm these findings, the protease
protection experiments were repeated using a MBP fusion
(His6-MBP-XPA), and essentially identical results were
obtained (Supporting Information, Figure 6). Together, the
pull-down and protease protection experiments indicate that
the interaction of XPC with XPA is primarily mediated by
the structured N-terminal domain XPC(154-331).

XPC-C Physically Interacts with CETN2 and RAD23B.
To investigate the biochemical functions of XPC(492-940),
a series of protease protection, pull-down, ssDNA-cellulose
affinity, and filter binding assays were performed to probe
for protein-protein and protein-DNA interactions. Physical
interaction with CETN2 and RAD23B is known to stabilize
native XPC and stimulate its ability to bind DNA (6, 11),
and the interaction sites have been mapped to the C-terminal
half of the protein. Protease protection experiments were per-
formed with XPC(492-940) to test for physical interactions
with CETN2 and RAD23B. Figure 6A shows the stability
to digestion by proteinase K of CETN2 and XPC(492-940)
alone and in complex. In these experiments, isolated CETN2
was degraded within 30 min by proteinase K (Figure 6A,
right panel). The fragmentation of XPC(492-940) in the
absence of CETN2 was identical to the proteolysis pattern
observed in Figure 2B (Figure 6A, left panel). When CETN2
and XPC(492-940) were incubated together with proteinase
K, a large fragment of CETN2 displayed a remarkable resist-
ance to proteolysis, persisting for 18 h after the start of the
digestion reaction (Figure 6A, middle panel). This fragment
(∼17 kDa) is consistent with the proteolytic loss of the
flexible 21 amino acid N-terminal extension of CETN2. The
persistent fragment of CETN2 contains the N- and C-terminal
globular domains, suggesting that both domains and/or the
linker between them were protected against proteolysis by a
region of XPC-C. The nearly complete digestion of XPC-
(492-940) at 18 h despite the presence of CETN2 suggests
that the CETN2 binding region of XPC is small in size. This
is consistent with other studies mapping the CETN2 interac-
tion site of XPC to a 17-residue region (847-863) (11, 27).
The formation of a complex between CETN2 and XPC(492-
940) was further corroborated by NMR studies, which
showed binding of CETN2 to several of the XPC-C
constructs (Supporting Information, Figures 7-9).

A similar strategy was used to examine the interaction of
RAD23B with XPC(492-940). When free RAD23B was
digested with proteinase K, the protein was degraded by 10
min into a few species>10 kDa and several small fragments
around 6 kDa (Figure 6B, right panel). Treatment of XPC-
(492-940) resulted in degradation into several fragments by

10 min, although some intact protein was still present (Figure
6B, left panel). When XPC(492-940) and RAD23B were
incubated together, the rate of degradation of the intact
proteins was noticeably slowed (Figure 6B, middle panel).
[Note that both intact proteins have the same initial size,
hence the appearance of 2X total protein.] After 1 h of
proteinase K digestion, both XPC(492-940) and RAD23B
alone were degraded into small∼5 kDa fragments, which
was especially prominent for RAD23B (Figure 6B, left and
right panels). The rate of degradation of these 5 kDa
fragments was significantly slowed when XPC(492-940)
and RAD23B were present together, as evidenced by the
substantially larger bands at 18 h compared to the nearly
absent bands at the same time for the isolated proteins.
Moreover, the 5 kDa fragment is still present at 71 h for the
complex, whereas there is no evidence of this fragment for
either of the isolated proteins. Thus, as in the case of CETN2,
protease protection suggests that XPC(492-940) physically
interacts with RAD23B. Interestingly, previous work mapped
the XPC-binding domain of RAD23B to a 56-residue region

FIGURE 6: Characterization of XPC(492-940) interactions with
CETN2 and RAD23B. (A) Stability of the complex with CETN2
monitored by protease protection. 5.5 ng of proteinase K was mixed
with three different 190µL reaction samples: 7.5µM XPC-C (left),
7.5 µM CETN2 (right), and 7.5µM XPC-C plus 7.5µM CETN2
(middle). SDS-PAGE (10%) at 0, 0.5, and 18 h after the addition
of proteinase K are shown, visualized using Simply Blue SafeStain.
White arrows indicate the starting XPC-C or CETN2 protein, while
the black arrow indicates the large CETN2 fragment. Arrowheads
mark three other protected fragments arising from XPC or individual
CETN2 domains. (B) Stability of the complex with RAD23B
monitored by protease protection. The experiments were performed
under conditions identical to those in panel A. The results at 0, 10
min, 1 h, 18 h, and 71 h after the addition of proteinase K are
shown. White arrows indicate the starting XPC(492-940) or
RAD23B protein. The black arrow indicates the major∼5 kDa
fragment stabilized by the presence of both proteins that is discussed
in the text. The black arrowhead marks another highly stable
fragment. Marker protein labels are in kDa.
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(47), consistent with the 5-6 kDa fragments observed in
these experiments (Figure 6B, middle panel).

XPC-C Binds ssDNA with High Affinity. XPC binds both
ssDNA and dsDNA in a region mapped to the C-terminal
portion of the protein (4, 37, 57, 67-69). A ssDNA-
cellulose affinity chromatography assay was first used to
determine whether XPC(492-940) retained the DNA-
binding functionality of the native protein. When XPC(492-
940) was applied to a ssDNA-cellulose affinity column, it
bound to the ssDNA-cellulose and was retained until elution
with elevated NaCl concentration (2.0 M NaCl) (Figure 7A).
The application of XPC(492-940) to a control column under
identical solution conditions demonstrated that it specifically
recognized the ssDNA component. Thus, XPC(492-940)
possesses the ability to bind to ssDNA. The strength of the
interaction was reflected in retention of XPC(492-940) on
the column even with a starting concentration of 0.5 M NaCl.

To characterize the DNA-binding properties of XPC(492-
940) in greater detail, nitrocellulose filter binding assays
(NFBA) were performed. The DNA sequence was chosen
so that the data could be compared to the previously reported
measurements of the DNA-binding properties of native XPC
(14). The results were sufficiently reproducible to enable
binding constants to be determined. Indeed, titration of
increasing amounts of XPC(492-940) to32P-60-nucleotide-
ssDNA provided binding curves that could be fit using a
simple two-state binding equation to estimate a dissociation
constant (KD). A value of 23( 6 nM was determined for
undamaged DNA (Figure 7E). Titration of XPC(492-940)
to UV-damaged32P-60-nt-ssDNA produced nearly identical
results with an estimated dissociation constant of 27( 8
nM (data not shown). The estimated dissociation constants
are within the range of values (1-45 nM) previously
determined for native XPC using a variety of undamaged
and damaged DNA substrates (57, 70, 71).

RAD23B and CETN2 Stimulate the DNA-Binding ActiVity
of XPC-C. Having demonstrated that XPC(492-940) can
bind ssDNA and that it physically interacts with RAD23B
and CETN2, we next assessed whether these proteins
stimulate the ssDNA-binding activity of XPC(492-940), as
observed for full-length XPC. Studies by Craescu and co-
workers (72) demonstrated that the N-terminal extension of
CETN2 mediated self-polymerization. To facilitate working
with CETN2, a construct lacking the N-terminal 21 amino
acids [CETN2(22-172)] was generated. A15N-1H HSQC
spectrum of15N-enriched-CETN2(22-172) is quite similar
to the wild-type protein (Supporting Information, Figure 7),
indicating the N-terminal deletion does not affect the CETN2
structure.

A mixture of XPC(492-940), RAD23B, and CETN2(22-
172) in an∼1:1.2:1.2 molar ratio was applied to a ssDNA-
cellulose column, taking care that the total amount and
concentration of applied XPC(492-940) was identical to that
used in all the experiments. As noted above for free XPC-
(492-940), the protein bound to the ssDNA-cellulose
(initially 0.5 M NaCl) and was retained until elution with
2.0 M NaCl (Figure 7A). As anticipated, there was a
significant increase in the amount of XPC(492-940) retained
on the column in the presence of RAD23B and/or CETN2-
(22-172) (compare panels A and B of Figure 7). Interest-
ingly, CETN2(22-172) eluted in the same fractions as
XPC-C and with an apparent 1:1 stoichiometry (Figure 7B).

Since CETN2(22-172) did not bind to ssDNA-cellulose
in the absence of XPC(492-940), these data imply that the
two proteins form a strong complex. In the case of RAD23B
there was no protein retained, indicating that it did not form
a stable complex with XPC(492-940).

Intrigued by stable complex formation with CETN2(22-
172) but not RAD23B, and the apparent stimulation of
XPC(492-940) DNA-binding activity by both (Figure
7A,B), we sought to clarify the individual contributions of

FIGURE 7: RAD23B and CETN2 stimulate ssDNA binding by
XPC(492-940). (A-D) Binding of XPC(492-940) to ssDNA-
cellulose columns alone (A) or the presence of RAD23B (D),
CETN2(22-172) (C), or RAD23B and CETN2(22-172) (B).
Sample solutions for application to the ssDNA-cellulose columns
were prepared to a final volume of 5.24 mL by mixing the
appropriate amounts of stock protein solutions [XPC(492-940),
3.7 µM; RAD23B, 133µM; CETN2(22-172), 366µM] and 0.5
M NaCl dialysate (see Experimental Procedures) to achieve the
following final concentrations: XPC(492-940), 3.5µM; RAD23B,
4.6 µM; and CETN2(22-172), 4.2µM. The ratio of proteins in
panel B was 1:1.3:1.2, respectively. SDS-PAGE (4-12%) was
visualized by silver staining with a development time of 8 min.
Arrowheads mark XPC and CETN2. The lanes in order are as
follows: L, starting sample; FT, column flowthrough; W, wash;
MW standards; E, elution. The added gel at the right in panel B
shows the pooled elution fractions E1 through E5, which were
concentrated 20-fold and analyzed by SDS-PAGE with Simply
Blue SafeStain staining to aid in the visualization of the CETN2-
(22-172) component. (E) DNA filter binding assay for XPC(492-
940). XPC(492-940) was titrated against undamaged32P-60-nt-
ssDNA to produce a saturation binding curve. The data points
represent scintillation counts per minute from the retained XPC-
32P-DNA complex plotted against XPC(492-940) concentration
(determined by amino acid analysis). Each data point in the assay
was collected in triplicate, and the error bars represent one standard
deviation from the mean.
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RAD23B and CETN2(22-172) to the stimulation of DNA-
binding activity. Therefore, the DNA-binding assays were
repeated in the presence of either of the XPC partners alone.
These experiments showed that ssDNA binding by XPC-
(492-940) was stimulated by the presence of either RAD23B
(cf. Figure 7A,D) or CETN2(22-172) (cf. Figure 7A,C).
Thus, each binding partner makes a contribution to the
stimulation of XPC DNA binding. What is remarkable is
that this is achieved in the case of CETN2 by formation of
a tight complex, whereas in the case of RAD23B stimulation
of DNA binding by XPC-C occurs through transient interac-
tions. Since control experiments showed that neither RAD23B
nor CETN2(22-172) binds directly to DNA, the stimulation
of DNA-binding activity must be via an allosteric mechanism
involving stabilization of the structure or induction of a
specific conformational change in XPC (11).

Biochemical Basis for XP-C Defects Associated with the
Trp690Ser Mutation.XPC(492-940) represents the first
reported bacterially expressed construct possessing the es-
sential DNA-binding functions of the native protein. Its
availability opens the door to characterization of the bio-
chemical properties of XPC mutants associated with XP
disease. The first such analysis has been performed on the
Trp690Ser mutation found in an XP-C patient described by
Stefanini and colleagues (XP13PV in ref22). Trp690Ser is
a rare missense mutation and is associated with XP-C disease;
the majority of XP-C patients have nonsense mutations that
truncate XPC and destroy its vital C-terminus-mediated
recruitment of TFIIH (5, 6, 22). In heterozygous XP-C
carriers the normalXPC allele usually compensates ef-
fectively for the mutated allele; however, in the patient
XP13PV the XPC Trp690Ser paternal allele could not
compensate for the defective (nonsense) maternal allele.

To investigate the biochemical consequences of the
Trp690Ser mutation, an XPC(492-940) construct [XPC-

C(W690S)] was generated and the protein produced using
the protocols described above. Limited proteolysis experi-
ments using proteinase K, trypsin, and chymotrypsin were
performed in parallel on both wild-type and the mutant XPC-
C, and identical proteolysis patterns were observed (data not
shown). This implies that the mutation does not disrupt the
stability or structural integrity of the XPC-C tertiary structure.

Since the Trp690Ser mutation lies within the purported
DNA-binding region of XPC, XPC-C(W690S) was assessed
for its ability to bind DNA using the ssDNA-cellulose and
filter-binding assays. Panels A and C of Figure 8 show that,
in the absence of RAD23B and CETN2, the mutant protein
has a significantly weaker affinity for ssDNA than wild-
type XPC(492-940) (∼48% reduction in binding based on
in-gel densitometry). In the presence of RAD23B and
CETN2, the discrepancy in mutant binding is even more
pronounced (Figure 8B,D). Thus, although there is a dramatic
increase in binding of ssDNA by wild-type XPC(492-940)
in the presence of these partners, ssDNA binding of XPC-
C(W690S) does not appear to be stimulated by the presence
of RAD23B and CETN2. CETN2 coelutes with XPC-
C(W690S) as observed for wild-type XPC(492-940 (Figure
8D), confirming that the Trp690Ser mutation does not alter
CETN2 binding. Moreover, RAD23B also transiently inter-
acts with XPC-C(W690S) as observed for wild-type XPC-
(492-940) in protease protection experiments (data not
shown). Figure 8E summarizes NFBA experiments that show
titration of increasing amounts of either wild-type XPC(492-
940) or XPC-C(W690S) to undamaged32P-60-nt-ssDNA
results in very different saturation binding curves: the
mutanted protein retained∼50% less32P-60-nt-ssDNA than
its wild-type counterpart. Thus, the Trp690Ser mutation
causes a significant defect in the ssDNA-binding activity of
XPC.

FIGURE 8: Mutation of Trp690 to Ser diminishes the DNA-binding ability of XPC. (A-D) Binding to ssDNA-cellulose columns in the
absence (A, C) or the presence (B, D) of RAD23B and CETN2. Wild-type protein was used in (A) and (B) and the Trp690Ser mutant in
(C) and (D). Samples for application to the columns were prepared to a final volume of 4.5 mL and the following final concentrations:
XPC(492-940) (wild type and mutant), 10µM; RAD23B, 12µM; CETN2(22-172), 12µM. SDS-PAGE (4-12%) was performed, and
proteins were visualized by silver staining with a development time of 6 min. The order of the lanes is as described in Figure 7. Arrowheads
mark XPC(492-940) and CETN2. (E) DNA filter binding assay for wild-type (filled) and Trp690Ser (open) XPC(492-940). The data
points represent scintillation counts per minute from the retained damaged XPC-C-32P-DNA complex plotted against XPC(492-940)
concentration (determined by amino acid analysis). Each data point was collected in triplicate, and the error bars represent one standard
deviation from the mean.
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DISCUSSION

Specific biochemical functions of XPC have been mapped
only to the C-terminal portion of the protein. However,
N-terminal truncation of XPC has been shown to reduce cell-
free NER activity by 65% (6) and diminish repair of 6-4PPs
(73), suggesting a regulatory role for the N-terminal portion
of XPC. Although interaction between XPC and XPA has
been previously reported (14), the earlier work did not
characterize further the region(s) of XPC responsible for
interactions with XPA. Our discovery of a stable, structured
region in the N-terminal half of XPC that physically interacts
with XPA is significant because it provides the first direct
evidence of a specific functional role for the N-terminal
region of XPC.

While the XPC N-terminal domain displayed the strongest
interaction with XPA, XPC-C was also found to physically
interact with XPA, albeit considerably more weakly than
XPC(154-331) (Figure 5). This observation suggests that
the N-terminal domain of XPC and the C-terminal region
cooperate in recruiting XPA. The coordination of XPA
binding sites in XPC fits nicely with the structural modeling
of the XPC core, which suggests a structural link between
the N- and C-terminal portions of the protein. Further insights
into the mechanism of action can be obtained by considering
what is known about how XPA and XPC function.

The role for XPC-XPA interactions may be to recruit
XPA to lesion sites, thereby coordinating the transition
between steps in DNA repair. XPC, in association with
RAD23B and CETN2, is involved in the initial damage
recognition step of GG-NER (11). In order to transition from
the damage recognition phase to the damage excision phase,
a few key events must occur. These include XPC-dependent
recruitment of TFIIH, opening of DNA around the lesion
site, and recruitment of XPA and RPA, as well as the
excision nucleases XPG and XPF-ERCC1. XPA-RPA may
displace XPC (14, 16) so that XPA can verify DNA damage
and help to position the excision machinery (15-17).

RAD23B is required for displacement of XPC from DNA
by XPA-RPA (11). A proposed mechanism attributes this
to overlap of the RAD23B and DNA-binding sites on XPC
(11). The binding of XPA to sites in both the N- and
C-terminal portions of XPC implies that there is an XPA
interaction in reasonably close proximity to the DNA- and
RAD23B-binding regions on XPC. The structural model of
XPC-TGC (Figure 4) suggests that the folded core brings
the N- and C-terminal regions together, which would
facilitate the cooperative action of the two XPA contact
points and their action on XPC. An additional important
observation was that XPA binds to XPC with weak to
moderate affinity based on the significantly weaker strength
of pull-downs relative to the strong interaction of XPC with
CETN2. Affinity in this range seems highly appropriate in
this context, so as to allow subsequent interactions with other
essential NER factors. Our observations thus provide sup-
porting evidence for the model of Lee and workers regarding
the mechanism for XPA displacement of XPC from DNA
and agree with work establishing that GG-NER proceeds via
a sequential assembly mechanism rather than via a discrete
repairosome (13, 74).

It has been established that RAD23B forms a tight
complex with XPC (37), providing stability (26), stimulation

of DNA-binding activity (10), and protection from protea-
somal degradation (29). There remains ambiguity, however,
over the precise amino acid regions of XPC involved in
RAD23B interaction. Legerski and co-workers originally
used yeast two-hybrid studies to map the RAD23B-interact-
ing region of XPC to residues 776 through 801 (75). Hanaoka
and co-workers subsequently performed bidirectional XPC
truncation studies to map the minimal RAD23B-interacting
region of XPC between amino acids 496 and 734 (6) (Figure
1C).

Our investigations with XPC(492-940) are consistent in
part with the observations of both groups. RAD23B showed
transient interactions with XPC(492-940) that were capable
of stimulating its DNA-binding activity (Figures 7 and 8).
While we cannot exclude the possibility of inconsistencies
between XPC(492-940) and native XPC because of refold-
ing or the requirement of XPC posttranslational modifica-
tions, the transient nature of the interaction of RAD23B with
XPC(492-940) suggests that there is an additional binding
element in the N-terminal region of XPC. Thus, the full
affinity observed for the native protein would result from
cooperation of the previously mapped site in XPC-C with a
second site in XPC-N. Two lines of evidence support this
hypothesis. (1) In the report by Uchida et al. (2002) that
mapped the RAD23B binding region of XPC (Figure 3 of
that report), RAD23B weakly pulled down the XPC(496-
940) truncation construct but very strongly pulled down
XPC(118-940). (2) In the recent X-ray crystal structure of
the complex between yeast PNGase and the XPC-binding
domain of yeast Rad23 (PDB code 1X3W) the Rad23
binding surface is composed of two spatially adjacent helices
that are∼400 residues apart in the sequence, one from the
N-terminal and one from the C-terminal halves of the protein
(50). Considering the sequence similarity of XPC with
PNGases and that the two subdomains were divided by a
large insertion (64), it is possible that XPC binding to
RAD23B mirrors that of the PNGase binding to yeast Rad23.
Clearly, additional experiments are required to test this
hypothesis.

Concluding Remarks.Significant advances have been
made in understanding the DNA-damage recognition by
XPC, and indeed for the entire GG-NER pathway (16, 24).
However, there continues to be a critical gap in knowledge
regarding the biochemical mechanisms and 3D structures of
individual GG-NER components and the complexes they
form, especially in the case of XPC. To date, out of the total
of 940 residues the only structurally characterized portion
of XPC is a 17-residue fragment that binds to CETN2 (28,
76). Many of the questions regarding XPC function and its
domain structure, architecture, and scaffold-like ability to
interact with multiple proteins as well as DNA remain to be
answered. Advances toward answers to these questions have
been hampered by the inability to produce significant
amounts of soluble XPC. Our results using a domain-based
strategy driven by sequence analysis and systematic sub-
cloning have crossed an important threshold toward this
objective.

The ability to identify and characterize the functional
defect in the XPC Trp690Ser mutant associated with XP
disease demonstrates the value of our approach. The mutation
did not appear to result in misfolding of XPC. Rather, the
mutant protein was significantly less capable of binding to
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DNA, and stimulation of its DNA binding by RAD23B and
CETN2 was drastically reduced. Interestingly, a mutation
inserting Val at amino acid 698 has also been observed in
an XP-C patient, highlighting the importance of this region
in XPC function (77). While additional studies are necessary
to elucidate the specific role of Trp690 in modulating DNA
binding, knowledge of the molecular basis of disease at this
level of detail offers potentially powerful approaches to
develop therapeutic strategies for XP patients.
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