
Genomic DNA is highly susceptible to damage

caused by its intrinsic instability, endogenously-produced

factors like reactive oxygen species, and environmental

genotoxic agents such as radiation and chemicals. DNA

damage can interfere with various nuclear functions

including replication and transcription, thereby inducing

mutations, chromosomal aberrations, apoptosis of cells,

etc. These deleterious effects of DNA damage have been

implicated in diverse human pathologies such as cancer,

neurological degeneration, and progeria. To cope with

these adverse effects, organisms have acquired multiple

DNA repair pathways during evolution (for review, see [1]).

Nucleotide excision repair (NER) is one of the most

versatile DNA repair pathways, which eliminates a wide

variety of DNA helix-distorting base lesions. Those sub-

strates for NER include ultraviolet light (UV)-induced

dipyrimidinic photolesions, i.e. cyclobutane pyrimidine

dimers (CPDs) and pyrimidine-pyrimidone (6-4) photo-

products (6-4PPs), as well as intrastrand cross-links and

bulky base adducts that can be induced by numerous

chemical compounds [2]. Notably, these base lesions

handled by NER do not share any common chemical

structure. In humans, hereditary defects in NER are

associated with several autosomal recessive disorders

such as xeroderma pigmentosum (XP), Cockayne syn-

drome (CS), and trichothiodystrophy (TTD). So far 10

NER-deficient genetic complementation groups (XP-A

through -G; CS-A and -B; TTD-A) have been identi-

fied, and all the responsible genes are already cloned [3].

It is now known that the protein products encoded by

these genes are components of the NER molecular

machinery.

In general, initial recognition of DNA damage is a

key event regulating the whole repair process, although it
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specificity. After DNA binding by XPC, moreover, the helicase activity associated with TFIIH scans a DNA strand to make

a final search for the presence of aberrant chemical modifications of DNA. The combination of these different strategies

makes a crucial contribution to simultaneously achieving efficiency, accuracy, and versatility of the entire repair system.
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has remained to be understood how cells survey the huge

genome continuously to detect and remove a small num-

ber of lesions. This article overviews protein factors and

molecular mechanisms underlying the lesion recognition

for mammalian NER operating throughout the genome.

MOLECULAR MECHANISM

OF MAMMALIAN NER

Two subpathways have been discerned for mam-

malian NER: global genome NER (GG-NER) is a gen-

eral pathway that can handle lesions anywhere in the

genome, whereas transcription-coupled NER (TC-NER)

is specialized to remove lesions from the transcribed

strand of transcriptionally-active genes (Scheme 1; see

color insert). These NER subpathways seem to differ in

their strategies for damage recognition. In TC-NER,

elongating RNA polymerase II, which stumbles at a

lesion on the template DNA strand, is supposed to trigger

NER [4, 5]. Two CS gene products, CSA and CSB pro-

teins, are specifically required for this process [6, 7]. On

the other hand, lesion recognition for GG-NER depends

on protein factors that possess specific binding capacity to

DNA sites containing damage. In mammals, DNA bind-

ing by the XPC protein complex is necessary to initiate

the GG-NER process [8-10]. In addition, for certain

types of lesions the UV-damaged DNA-binding protein

(UV-DDB) appears to promote the damage recognition

by XPC [11-13].

Despite the distinct molecular mechanisms underly-

ing damage detection, the following steps of both sub-

pathways depend on a common set of protein factors.

One of the key factors is the transcription factor IIH

(TFIIH), which is a multifunctional protein complex

that is essential not only for NER but also for initiation of

basal transcription. Among 10 subunits of TFIIH, XPB

and XPD possess helicase activities [14, 15], which local-

ly unwind DNA duplex around a lesion. The partially

single-stranded state of DNA is stabilized through assem-

bly of additional factors such as XPA, XPG, and replica-

tion protein A (RPA) [16-18], thereby demarcating the

lesion for dual incision by two structure-specific NER

endonucleases, ERCC1-XPF and XPG [19-21]. After

removal of a 24-to-29-mer oligonucleotide containing

the lesion, the resulting single-stranded gap is then filled

by DNA repair synthesis. This process has been success-

fully reconstituted in vitro with DNA polymerase δ or ε

(Pol δ/ε) in the presence of their elongation clamp, pro-

liferating cell nuclear antigen (PCNA), and the clamp

loader ATPase complex, replication factor C (RFC) [22,

23], whereas involvement of other DNA polymerases,

such as Pol κ, has been also suggested [24, 25]. Final

rejoining of the DNA strands may be accomplished by

either DNA ligase I or XRCC1/DNA ligase III [23, 26,

27].

THE XPC COMPLEX: A VERSATILE DAMAGE

DETECTOR FOR GG-NER

The human XPC gene encodes a 106-kDa basic pro-

tein (theoretical pI ~ 9.03) consisting of 940 amino acids.

The XPC protein exists in vivo as a stable heterotrimeric

complex containing one of the two human homologs of

Saccharomyces cerevisiae Rad23p (RAD23A or RAD23B)

and centrin-2, which has been also known as a crucial

component of the centrosome [28-30]. The interaction

with RAD23 markedly stabilizes the XPC protein both in

vivo and in vitro, which is thus important to maintain cel-

lular GG-NER activity [31-34]. In all human cell lines so

far tested, RAD23B is always expressed at much higher

levels than RAD23A, whereas these proteins in total are

present in a large excess (~20-fold) over XPC [33, 34].

The two RAD23 proteins similarly bind to XPC in vitro,

so that a majority of XPC is bound in vivo to RAD23B

rather than RAD23A, presumably reflecting the differ-

ence in their protein levels [35, 36]. Centrin-2 is a small

calcium-binding protein that belongs to the calmodulin

superfamily and contains four conserved EF-hand motifs.

An α-helix in the C-terminal domain of XPC has been

identified as the site that binds to centrin-2 through

hydrophobic interactions [37-39]. Although centrin-2 is

dispensable for reconstitution of the cell-free NER reac-

tion, it significantly enhances DNA binding and damage

recognition functions of the XPC complex.

The purified XPC complex appears to have the abil-

ity to specifically bind to a variety of defined DNA

lesions: for example, the UV-induced 6-4PP, a guanine

modification with N-acetyl-2-aminofluorene (AAF), and

an artificial cholesteryl moiety [9, 40, 41], which are

completely different from each other in their chemical

structure but, nevertheless, are excised by NER in vitro.

The specific binding was demonstrated with convention-

al electrophoretic mobility shift and DNase I footprinting

assays, as well as by direct observation using atomic force

microscopy. Further extensive biochemical analyses

eventually revealed that the XPC complex does not

directly recognize the damaged DNA structures per se.

Instead, it prefers some specific DNA secondary struc-

tures containing a junction between double-stranded

DNA and a single-stranded 3′-overhang [42].

The proposed model for the XPC–DNA interaction,

which was deduced from biochemical data, has been

recently corroborated by the X-ray crystal structure of the

complex involving the S. cerevisiae XPC homolog Rad4p

and DNA duplex with a site-specific lesion (a UV-

induced CPD within a 3-base bubble structure) [43].

Rad4p and XPC share a considerable (but not extensive)

amino acid sequence homology, which is particularly pro-

nounced within their C-terminal domains that are

responsible for several important functions of these pro-

teins, such as DNA binding [44]. From the structural

point of view, the C-terminal domain can be further
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divided into four subdomains: transglutaminase-homolo-

gy domain (TGD) and three consecutive β-hairpin

domains (designated as BHD1, BHD2, and BHD3,

respectively). The solved crystal structure indicates that

TGD and BHD1 together interact with the undamaged

part of the DNA duplex that is located 3′ to the damaged

bases, while double-stranded DNA on the other side

makes no contact with the proteins. On the other hand,

BHD2 and BHD3 bind to a short DNA segment very

close to the damaged site, mainly interacting with the

undamaged strand. As a result, two undamaged bases

opposite the lesion are flipped out from DNA, being cap-

tured by BHD2 and BHD3. In addition, insertion of the

BHD3 β-hairpin into the major groove induces a ~42°

bend of the DNA, so that the damaged bases seem to be

also flipped out and structurally disordered without any

interaction with the protein. Therefore, these findings

perfectly coincide with the previous notion that XPC

binds to the end of double-stranded DNA with a 3′-over-

hang.

Taken together with the biochemical and structural

studies, the XPC complex should be considered as a

structure-specific DNA binding factor rather than a dam-

aged DNA binding factor. Its specific binding depends

solely on the presence of some bases that are prevented

from the canonical Watson–Crick base pairing, but not

on any particular chemical structure of the damaged

DNA. Thus it has been plausibly approved that such bio-

chemical properties of XPC provide a molecular basis for

the extremely broad substrate specificity exhibited by

GG-NER.

FUNCTIONS OF UV-DDB

IN GG-NER DAMAGE RECOGNITION

Since XPC recognizes the presence of unpaired

bases, its binding affinity for a certain lesion appears to

vary depending on the degree of DNA helical distortion

induced by the lesion. Notably, a major UV-induced pho-

tolesion, CPD, is associated with only a subtle structural

distortion: in fact, previous NMR studies revealed that if

a CPD is present in DNA duplex, both affected pyrimi-

dine residues still retain hydrogen bonding with the oppo-

site purine bases [45]. As a result, XPC by itself poorly

recognizes the CPD [41, 46], and this problem is over-

come, at least partially, by the aid of UV-DDB, another

damage recognition factor involved in GG-NER.

UV-DDB was initially identified as a protein factor

that strongly binds to UV-irradiated DNA [47]. Later the

protein factor responsible for this binding activity was

purified, which revealed that UV-DDB is a complex that

consists of two subunits, designated as DDB1 and DDB2,

respectively [48]. DNA binding assays with substrates

containing a defined lesion indicate that purified UV-

DDB recognizes UV-induced 6-4PP with particularly

high specificity and, unlike XPC, it also exhibits moder-

ate but significant affinity for CPD [49-53]. Moreover,

UV-DDB is also capable of binding to abasic sites as well

as bubble-like DNA structures of relatively small size,

although the functional relevance of such binding still

remains to be elucidated.

The recently solved X-ray crystal structure of UV-

DDB has provided novel insights to the damage recogni-

tion mechanism by UV-DDB [54]. The DDB1 subunit is

composed of three consecutive β-propeller domains (des-

ignated as BPA, BPB, and BPC, respectively), while

DDB2 also contains a β-propeller that is exclusively

responsible for interaction with DNA. DDB2 has an N-

terminal extension with a helix-loop-helix structure,

which is involved in interaction with DDB1. Upon bind-

ing to DNA containing a 6-4PP, a conserved hairpin on

one end of the DDB2 β-propeller is inserted into the

minor groove, inducing a ~40° bend of the DNA duplex.

As a result, the two pyrimidine residues comprising a 6-

4PP are flipped out into a binding pocket of DDB2.

Notably, this binding pocket appears to be sized to

accommodate two nucleotides, strongly suggesting that

UV-DDB has evolved especially to cope with UV-

induced dipyrimidinic photolesions. Therefore, in a strik-

ing contrast to XPC, UV-DDB seems to be a specialized

damage detector that directly interacts with the damaged

bases themselves.

It has been shown that the genetic complementation

group E of XP is caused by mutations in the DDB2 gene,

so that cells from XP-E patients lack the specific DNA

binding activity [55-57]. On the contrary, no mutation

has been identified in the DDB1 gene from patients with

XP or other NER-deficient disorders. Despite the obvi-

ous biochemical activity, cellular and clinical phenotypes

associated with the lack of UV-DDB are complicated and

confusing in some sense. Among the XP complementa-

tion groups, XP-E patients show the mildest symptoms

and, in line with this, fibroblast cells from the patients

only show mild sensitivity to killing by UV and relatively

high levels of UV-induced unscheduled DNA synthesis

(~50% of normal cells) [58, 59]. The latter phenotype is

probably due to competence of XP-E cells to remove 6-

4PPs at nearly normal levels, whereas repair of CPD is

compromised more profoundly: this appears paradoxical

if one considers the binding nature of UV-DDB to these

UV photolesions. It should be noted that UV-DDB is not

an essential factor to reconstitute the in vitro NER reac-

tion with purified proteins, although it may have some

stimulatory effects under certain conditions [22, 60]. On

the other hand, no GG-NER occurs in XP-C cells that

normally express UV-DDB, indicating that UV-DDB

never functionally substitutes for the essential factor

XPC, but rather plays some auxiliary roles in damage

recognition for GG-NER.

The technique of UV irradiation through micropore

membrane filters has been used to induce local DNA
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damage within the nucleus and visualize recruitment of

NER factors to the damaged sites. Notably, UV-DDB

accumulates into the damaged subnuclear domain even in

the absence of XPC, indicating that it functions at very

early stages of GG-NER [61]. More detailed analyses

using a similar technique revealed that UV-DDB indeed

facilitates recruitment of XPC as well as other NER pro-

teins to the sites containing UV-induced DNA lesions

[11-13]. In line with this, it has been shown that UV-

DDB directly interacts with XPC [52]. Although interac-

tion between UV-DDB and XPA has been also reported

[62], XPA does not accumulate to the local UV damage in

the absence of functional XPC, even if UV-DDB is nor-

mally expressed. Nevertheless, the UV-DDB-mediated

recruitment of XPC is obviously relevant to repair of

CPD, because this lesion easily escapes detection by XPC

as discussed above.

In contrast to CPD, quite some number of previous

works on in vivo NER kinetics failed to show considerable

effects of UV-DDB on removal of 6-4PP. However, sev-

eral recent studies have indicated that UV-DDB can

indeed facilitate recruitment of XPC to 6-4PP as well,

which becomes discernible especially when the number of

generated lesions is low enough [12, 63]. Taken together,

it can be concluded that UV-DDB facilitates recognition

for GG-NER of both major UV photolesions, CPD and

6-4PP, through vital recruitment of XPC: this mechanism

is particularly relevant when cells are exposed to physio-

logically low doses of UV.

ROLES FOR CUL4 UBIQUITIN LIGASE

IN GG-NER

As mentioned above, UV-DDB was first purified as

the DDB1-DDB2 heterodimer but, more recently it has

been shown to interact in vivo with several additional fac-

tors. One of such factors is the E3 ubiquitin ligase com-

plex, which is composed of a member of the cullin family

(CUL4A), a RING domain protein (RBX/ROC1), and

the COP9 signalosome complex [64]. Notably, the CSA

protein, which is involved in the TC-NER pathway of

NER, also turned out to bind DDB1 as well as the

CUL4A E3 complex. Although DDB1 was originally

identified as part of the DNA damage binding factor, it is

currently considered as an adaptor mediating between

CUL4 ubiquitin ligase and a member of the DCAF

(DDB1-CUL4 associating factor) family, which interacts

with specific targets for ubiquitylation [65]. Besides

DDB2 and CSA, a number of DCAFs have been so far

identified.

After cells are treated with UV, UV-DDB becomes

tightly bound to chromatin and the associating ubiquitin

ligase seems to be activated as judged from conjugation of

CUL4A to NEDD8 and dissociation of the COP9 signalo-

some [64]. The recombinant DDB1–DDB2–CUL4A–

ROC1 complex was expressed in and purified from insect

cells, which was used for reconstitution of in vitro ubiqui-

tylation reactions involving the ubiquitin activating

enzyme (E1) and the ubiquitin conjugating enzyme (E2)

[52]. In this system XPC, DDB2, and CUL4A are subject

to polyubiquitylation. In fact, it has been demonstrated

that XPC undergoes transient ubiquitylation upon UV

irradiation of cells, which however seems to be reversible,

not inducing degradation of the protein. In a striking con-

trast, DDB2 is clearly degraded by the 26S proteasome in

UV-irradiated cells [66-68]. When DDB2 is polyubiqui-

tylated in vitro, UV-DDB appears to be prevented from

interaction with the UV photolesions (both CPD and 6-

4PP), whereas ubiquitylated XPC still exhibits DNA

binding capacity. Based on these findings, it has been

proposed that one of the roles for the DDB2 ubiquityla-

tion may be promoting transfer of the UV photolesion

from UV-DDB (a strong binder) to XPC (a weak binder)

(Scheme 2; see color insert). Nevertheless, the biological

significance of XPC ubiquitylation as well as DDB2

degradation remains to be understood.

The CUL4A ubiquitin ligase associated with UV-

DDB has been implicated also in UV-induced ubiquity-

lation of histones, H2A [69] and/or H3/H4 [70]. It has

been reported that the monoubiquitylation of H3 and H4

in vitro results in dissociation of histone octamers from

DNA (Scheme 2). Notably, if DNA damage is located

within a nucleosome core, accessibility to XPC as well as

other NER proteins is severely impaired [71-73], suggest-

ing that roles for UV-DDB and the associating ubiquitin

ligase may involve remodeling of chromatin structures

around the lesion site. In addition, histone acetyltrans-

ferases CBP/p300 associate in vivo with UV-DDB [68,

74], which may thus coordinate multiple post-transla-

tional modifications of histones (and/or other proteins)

to prepare the local chromatin environment for efficient

repair reactions.

More recently, Cul4a-deficient mice have been gen-

erated, which provide novel insights into the roles of this

E3 component in regulation of NER and other cellular

UV responses [75]. In addition to the GG-NER proteins,

the DDB1-CUL4A ligases are also involved in ubiquity-

lation of various proteins such as a DNA replication

licensing factor CDT1 [76, 77] as well as a DNA damage

checkpoint regulator p21 [78-80]. Despite these crucial

targets for ubiquitylation, animals with Cul4a deletion

turned out apparently healthy. This is due, at least partly,

to functional redundancy between Cul4a and Cul4b,

another CUL4 ortholog present in mammals, so that

additional suppression of Cul4b expression resulted in

growth arrest of Cul4a–/– fibroblasts. Surprisingly, on the

other hand, disruption of the Cul4a gene alone results in

marked elevation of the steady-state protein levels of

DDB2, XPC, and p21. Consequently, cellular GG-NER

and DNA damage checkpoint activities are simultane-

ously enhanced, while mice with skin-specific Cul4a
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abrogation exhibit extraordinary hyper-resistance to

UVB-induced skin tumors. Thus CUL4A seems to limit

both GG-NER and damage checkpoint activities by

mediating constitutive degradation of the key factors,

although the biological relevance of these findings still

remains to be understood. Since the UV-induced XPC

ubiquitylation does not seem to induce its degradation,

the reason for the increased XPC protein levels in the

Cul4a-deficient cells should also be clarified.

BIPARTITE SUBSTRATE DISCRIMINATION

FOR GG-NER

Although UV-DDB intervenes in recognition of

UV-induced photolesions, direct binding by XPC is a

more general pathway for initiation of GG-NER as a ver-

satile repair system, which can handle numerous chemi-

cally-induced bulky adducts, for instance. As discussed

above, XPC only samples the presence of disrupted or

destabilized base pairs within DNA duplex, but not any

specific chemical structures associated with lesions. On

the other hand, a series of biochemical studies have pro-

posed the “bipartite” substrate discrimination model for

NER, telling that efficient substrates for in vitro NER

must possess at least two structural elements: one is dis-

ruption of the canonical Watson–Crick base pairing (this

is exactly the determinant of the XPC binding specifici-

ty), and the other is some aberrant chemical modification

of DNA (this is generically referred to as “damage”).

This notion originated from in vitro studies using the

C4′ pivaloyl adduct to a deoxyribose residue in the DNA

backbone [81]. Although this structure itself, which hard-

ly interferes with base pairing nearby, is poorly excised in

the cell-free NER system, the same lesion becomes a

good substrate if placed in the close vicinity of a small

bubble structure. Later we showed that XPC efficiently

recognizes and binds to some perturbed DNA structures

with a single-stranded segment, such as bubbles and

loops, regardless of the presence or absence of damage

[41]. However, in vitro NER with the same set of DNA

substrates demonstrated that dual incision absolutely

depends on the presence of DNA damage. These findings

all together plausibly point that, to induce the productive

NER process, DNA binding by XPC is not sufficient and

the presence of damage needs to be somehow verified

thereafter.

The second damage verification step is important as

a “safety lock” of the NER system, which prevents

adverse incision at undamaged DNA sites that can even

challenge the genome integrity. However, the precise

molecular mechanism underlying the damage verification

has been elusive. One of the factors that have been impli-

cated in this process is TFIIH, which contains two heli-

case subunits, XPB and XPD, and is probably recruited

by XPC through direct interaction [82-84]. In general,

helicases are supposed to bind a DNA strand and translo-

cate along it by using the energy of ATP hydrolysis, there-

by displacing the complementary strand. Based on such

properties, the helicase activities associated with TFIIH

seem to be suitable for scanning a DNA strand and

detecting subtle alteration of the chemical structure: just

like DNA/RNA polymerases that are blocked by a lesion

on the template DNA strand. Indeed, it was reported that

the strand displacement as well as ATPase activities of the

S. cerevisiae XPD homolog, Rad3p, were inhibited when

the DNA substrates were damaged [85], suggesting that

its translocation along a DNA strand is blocked by the

presence of lesions. This blockage of the TFIIH helicase

translocation may underlie the damage verification for

NER.

It should be noted that the two helicases associated

with TFIIH have different polarities: XPB moves on a

DNA strand from 3′ to 5′ direction, whereas XPD

exhibits the opposite 5′ to 3′ directionality [86, 87]. These

biochemical natures raise the possibility that, after TFIIH

is recruited to the site of damage, the two helicases may

associate with different DNA strands and move towards

the same direction (figure, panel (a); see color insert). In

this model, the damaged and undamaged strands can be

discriminated by which helicase is blocked [88, 89].

Another possibility is that both helicases may bind to the

same strand and move apart from each other (figure,

panel (b); see color insert). In this case, the damaged

strand needs to be discriminated before the TFIIH heli-

cases are loaded.

THE NER MACHINERY CAN SEARCH

FOR A LESION

As discussed in the previous section, the NER

machinery first samples disrupted base pairs and then ver-

ifies if any abnormal chemical structure is present.

Unexpectedly, we recently found that these two events are

spatially separable [90]. This finding was based on a series

of in vitro NER reactions using defined DNA substrates

that contained both a UV-induced photolesion and a

small bubble or loop structure with a certain distance in

between. Since CPD induced only a marginal distortion

of the DNA helical structure, it was poorly recognized

and excised by in vitro NER. However, the same lesion

became excised very efficiently when a 3-base bubble

structure was inserted about 60 bases 5′ to it. Footprinting

analyses revealed that XPC was targeted to the bubble

site, rather than to the CPD site, indicating that the NER

machinery has a potential to find a lesion at a rather dis-

tal position from the site where XPC initially binds.

Surprisingly, this stimulatory effect on excision of CPD

was completely abrogated when a bubble structure was

present 3′ to the lesion. The observed position specificity

could be plausibly explained if one assumes that a certain
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NER factor may search for a lesion by moving along a

specific DNA strand in 5′ to 3′ direction from the XPC-

bound site. It should be noted that this directionality of

the damage search coincides with the polarity of the XPD

helicase, as discussed above, supporting the role of this

helicase in damage verification. Furthermore, these find-

ings strongly argue against the model that the XPB and

XPD helicases may scan individual DNA strands, thereby

equally contributing to discrimination between the dam-

aged and undamaged strands.

Given that only one DNA strand is subjected to scan-

ning for damage, it is particularly important to understand

how the correct (damaged) strand can be selected. This

depends, at least partly, on the binding polarity of XPC. As

suggested from our biochemical data [42] as well as from

the crystal structure of Rad4p [43], a bubble structure

allows XPC to bind in two distinct orientations, whereas

the binding is constrained in a defined polarity if a loop

structure is used, in which only one strand has unpaired

bases. When a 3-base loop, instead of a bubble, was insert-

ed 5′ to a CPD, stimulation of in vitro NER incision at the

CPD site was observed only when the “undamaged”

strand was looped out. In striking contrast, excision of

CPD was totally abrogated if the lesion-containing strand

had a loop. We propose that, after XPC interacts with a

single-stranded segment, it may guide the XPD helicase in

TFIIH to be loaded onto the opposite strand and start

scanning. Notably, although this model is based on bio-

chemical studies using somewhat artificial substrates, it

can be plausibly extrapolated to the normal NER reaction,

where XPC needs to recognize and interact with widowed

bases opposite a lesion. In addition, a series of biochemi-

cal studies revealed that precise incision sites by NER var-

ied depending on the type of lesions (15-24 nucleotides 5′

and 2-8 nucleotides 3′ to a lesion, respectively), while the

total length of the excised oligonucleotides was largely

constant (24-29 nucleotides) [91-93]. Given that a sliding

complex, presumably driven by the XPD helicase,

unwinds DNA duplex and collides with a lesion from the

5′ side, the above model also explains the asymmetric dual

incision pattern observed with eukaryotic NER.

Assembly of NER factors at the CPD site, which was

stimulated by a distal loop structure, could be observed

with purified proteins and the defined DNA substrate

immobilized on paramagnetic beads [90]. In these experi-

ments, not only TFIIH but also XPC and XPA seemed to

be present at the CPD site in a mutually dependent man-

ner, suggesting that these three factors may translocate

along a DNA strand as a ternary complex (Scheme 3; see

color insert). This model implies that, even though XPC

initially binds to a suspicious site in a “wrong” orientation,

the site is cleared upon recruitment of TFIIH and XPA,

thereby providing XPC with a chance to retry. Exactly as

expected, the ATPase activity of XPD was required for

translocation by the NER factors from the loop site to

CPD, while ATP hydrolysis by XPB also appeared to be

important. The intrinsic helicase activity associated with

XPB appeared much weaker than that of XPD [86], and

mutational analyses of XPB in the recombinant TFIIH

complex have recently revealed that its ATPase, but not

helicase activity is necessary for in vitro NER [94]. These

results suggest that energy produced by the XPB ATPase

may be consumed mainly in opening of DNA duplex,

rather than in translocation on a DNA strand. This is quite

reminiscent of its role in the promoter opening for tran-

scriptional initiation, whereas the ATPase activity of XPD

is known to be dispensable for the transcriptional function

of TFIIH [95]. There are at least two possibilities for the

role of the XPB ATPase in NER. First, upon recruitment

of TFIIH by XPC, XPB may unwind DNA duplex to some

extent, which may then allows loading of XPD onto a spe-

cific strand. Alternatively, after the XPD helicase encoun-

ters and stumbles at a lesion, XPB may further open the

duplex, thereby promoting assembly and/or stability of the

pre-incision complex.

As discussed above, damage recognition for NER in

the mammalian global genome is accomplished through

concerted actions of multiple protein factors including

XPC, UV-DDB, and TFIIH. It should be noted that these

factors rely upon completely different criteria from each

other to detect abnormalities of DNA structure. XPC only

recognizes the presence of unpaired bases, regardless

whether DNA is indeed damaged or not, thereby confer-

ring the broad substrate specificity on the whole system. In

contrast, UV-DDB directly interacts with specific types of

modified bases, especially dinucleotide photolesions

induced by UV irradiation, and promotes recruitment of

XPC. Since XPC alone poorly recognizes CPD, UV-

DDB helps further extending the substrate specificity of

GG-NER. Finally, the XPD helicase in TFIIH scans a

DNA strand in 5′ to 3′ direction to make a fine inspection

for unusual chemical modification. Once the movement

of XPD is blocked, presence of damage is verified, leading

to the subsequent demarcation and excision of the lesion.

The combination of these different strategies must make a

crucial contribution to simultaneously achieving efficien-

cy, accuracy, and versatility of the repair system.

Even though XPC happens to bind a DNA site with-

out damage, the NER machinery seems to have the poten-

tial to search around for damage, raising the possibility

that this could function as a damage surveillance system in

cells that are not particularly treated with DNA damaging

agents. For instance, some AT-rich regions in the genome,

including replication origins and transcriptional promot-

ers, may open spontaneously under topological stresses

caused by altered chromatin structures, thereby possibly

serving as “docking sites” for XPC. Moreover, XPC is able

to bind to the abasic site [96] and probably to the single

strand break, both of which are the most frequent types of

spontaneous DNA damage. UV-DDB also exhibits a con-

siderable affinity for the abasic site [49, 53, 54], which

could be relevant in recruiting XPC and initiating a dam-
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age search. Together with prerequisite remodeling of chro-

matin structure, further studies would be necessary to

understand in vivo regulation of NER.
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Scheme 1
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(K. Sugasawa) Possible roles of UV-DDB-CUL4 ligase-mediated ubiquitylation in damage recognition for GG-NER. When UV-DDB rec-

ognizes and binds to a lesion within a nucleosome core, the associating CUL4 ubiquitin ligase may ubiquitylate histones. This may lead to dis-

sociation of the histone octamer, thereby allowing XPC to get access to the lesion. Then the ubiquitin ligase may further ubiquitylate XPC and

DDB2, presumably promoting transfer of the lesion from UV-DDB to XPC

Scheme 2
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(K. Sugasawa) Two possible models for translocation by TFIIH helicases. a) The XPB and XPD helicases may bind to different strands and

move toward the same direction. b) Alternatively, the two helicases may bind to the same strand and move to the opposite directions
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(K. Sugasawa) A model for the molecular mechanism underlying damage search and verification. First, XPC recognizes the presence of

unpaired bases (in the bottom strand, in this figure) and binds 5′ to the distorted site. Then TFIIH is loaded and, presumably together with

XPC and XPA, scans the opposite (top) strand in 5′ to 3′ direction, which is mainly driven by the XPD helicase. When the translocation by

XPD is blocked by some aberrant modification of the DNA chemical structure, the presence of a lesion is verified, thereby leading to the sub-

sequent lesion demarcation and dual incision
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