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Structure-Specific Endonucleases
in DNA Repair
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Abstract: Nucleotide excision repair (NER) is an essential DNA repair pathway that addresses a variety of DNA
lesions formed by UV light, environmental mutagens and agents used in cancer chemotherapy. NER involves the
concerted action of over 30 proteins and operates by the sequential assembly of the involved factors at sites of
damage. NER culminates in the removal of an oligonucleotide containing the damage by two incision reactions
5’ to the lesion by ERCC1-XPF and 3’ to the lesion by XPG. ERCC1-XPF and XPG are structure-specific endo-
nucleases, a large class of enzymes involved in a variety of DNA repair, recombination and replication pathways.
This review focuses on some of our recent work on how the activities of the ERCC1-XPF and XPG proteins are
regulated to incise DNA only at defined times during the NER pathway, thereby preventing the formation of un-
wanted and cytotoxic DNA breaks by random incision of DNA. The implications of this work for our understanding
of endonuclease enzymology, carcinogenesis and anti-tumor therapy are discussed.
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Introduction

DNA is an inherently reactive molecule
and is constantly challenged by endog-
enous and exogenous agents that jeopar-
dize the integrity of our genetic informa-
tion. It has been estimated that each hu-
man cell is subjected to 105–106 damaging
events per day.[1] To prevent the deleteri-
ous consequences of DNA damage all or-
ganisms have evolved a number of elabo-
rate systems to repair DNA.[2] The im-
portance of DNA repair and the integrity
of DNA are underscored by a number of
inherited disorders resulting from defects
in DNA repair genes that are associated
with cancer and premature aging. A pro-
totypical DNA repair disorder is xeroder-
ma pigmentosum (XP). XP patients have
a defect in the nucleotide excision repair
(NER) pathway and are unable to repair
UV lesions in their skin after exposure to
sunlight. As a consequence, they suffer
from extreme sensitivity to UV light, a
more than 1,000-fold increased incidence
of skin cancer and, in severe cases, neuro-
logical abnormalities.[3]

While diseases like XP underscore the
importance of maintaining genome stabil-
ity in healthy cells, DNA damaging agents
have been used extensively in cancer che-
motherapy.[4] The inhibition of DNA repair
is a desirable goal in a therapeutic setting,
as it has been shown that DNA repair pro-
cesses can contribute to the resistance of
tumor cells to chemotherapeutic agents.[5]

Research in our laboratory is con-
cerned with elucidating the detailed mech-
anisms of DNA repair pathways to under-
stand i) how mutations in DNA and tumor
formation are prevented and ii) how these

pathways might be targeted for anti-tumor
therapy. Here I will discuss our work in
this area using the example of a key class
of DNA repair enzymes, DNA endonucle-
ases, which incise DNA during repair pro-
cesses to remove of damaged sites from
DNA.

Structure-specific Endonucleases
in DNA Repair

The majority of DNA repair processes
involve a step to cut the DNA at or near a
lesion to remove damaged residues from
DNA.[2] This step is most often carried out
by one of a large number of important en-
donucleases that cleave at a specific site
in one or a limited number of pathways.
Since DNA breaks (which may be formed
by endonucleases as well as DNA damag-
ing agents) are themselves cytotoxic DNA
lesions, it is imperative that endonuclease
activity is tightly regulated and limited to
the appropriate DNA repair pathway. A
common class of endonucleases cleaves
specific DNA structures, ss/dsDNA junc-
tions, which are common intermediates
in DNA repair and recombination as well
as in blocked replication forks.[6,7] Such
structure-specific endonucleases cleave
DNA with defined polarities, cleaving
either 5’ ssDNA or 3’ ssDNA overhangs.
Multiple endonucleases exist that cleave
overhangs with either orientation, empha-
sizing the need to specifically target these
enzymes to the pathways in which they
are involved. I will discuss how the action
of two endonucleases, ERCC1-XPF and
XPG, is regulated in the nucleotide exci-
sion (NER) repair pathway.
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ERCC1-XPF
ERCC1 and XPF form a dimeric en-

donuclease that makes the incision 5’ to a
lesion in NER and, consistent with that po-
larity, has structure-specific endonuclease
activity cutting ss/dsDNA junctions with 3’
ssDNA overhangs (Fig. 1A).[8] ERCC1 and
XPF form an obligate heterodimer through
interaction of two conserved helix-hairpin-
helix domains at their N-termini and are un-
stable in each other’s absence in cells.[9,10]

Work from our laboratory revealed that the
active site of the heterodimer is contained
within the XPF subunit of the protein.[11]

Among a number of conserved acidic and
basic residues, an ERK(X)

3
D sequence

serves as a signature motif for this class
of nucleases (Fig. 1A) that is also present
in a number of other enzymes, including
Mus81 (another endonuclease in the main-
tenance of genome stability).[12]

ERCC1-XPF contains multiple DNA
binding domains. The N-terminal half of
XPF is related to SF2 family of helicases,

but has lost its ATP binding activity.[13]

The role of this domain is therefore likely
to contribute to the binding of ss/dsDNA
junctions, which are also intermediates in
helicase-mediated reactions. The two N-
terminal helix-hairpin-helix domains are
typical DNA binding motifs[14] and recent
studies in our and other laboratories have
shown that they contribute to DNA bind-
ing.[10,15,16]

In addition to its role in NER, ERCC1-
XPF is involved in at least two other DNA
repair pathways, DNA interstrand cross-
link repair and homologous recombina-
tion. The importance of these other roles
are manifested in the phenotypes of a sub-
set of patients and mice with deficiencies
in ERCC1 and XPF, which include severe-
ly reduced life span and premature aging in
addition to the classical XP symptoms.[17]

The recruitment of ERCC1-XPF to differ-
ent pathways is regulated through protein–
protein interactions. We have recently es-
tablished a structural and biochemical ba-

sis of how the interaction between the XPA
protein and the central domain of ERCC1
targets ERCC1-XPF to sites of NER (see
below),[18] but much less is known about
the interactions that are required for other
pathways.

XPG
XPG is responsible for making the inci-

sion 3’to a lesion in NER and cleaves ss/ds-
DNA junction substrates with a polarity op-
posite to that of ERCC1-XPF (Fig. 1B).[19,20]

XPG is a member of the FEN1/XPG fam-
ily of endonucleases and contains the
signature N and I domains that make up
the nuclease active site.[6,21] The N and I
domains in XPG are separated by a 600
amino acid insertion called the spacer re-
gion, whereas these two domains are much
closer together in other FEN1/XPG family
members. The spacer region is predicted
to be highly disordered and is involved in
protein–protein interaction as well in me-
diating XPG substrate specificity.[22,23]

As has been shown for ERCC1-XPF,
XPG has roles outside of NER with the
consequence that XPG deficiency can re-
sult in a much more severe phenotype in
humans and mice that results from spe-
cific deficiency in NER.[24] Interestingly,
and in contrast to ERCC1-XPF, these ad-
ditional roles of XPG are independent of
its nuclease activity and mutations in XPG
that result in specific nuclease deficiency
result only in an XP-like phenotype.[25]

The more severe phenotypical manifesta-
tions of XPG mutations appear to be due
to its association with the DNA repair and
transcription factor TFIIH and a yet to be
defined role in transcription.[26]

The Nucleotide Excision Repair
(NER) Pathway

NER is the main pathway in mammals
involved in the removal of lesions of envi-
ronmental origin from DNA. A hallmark of
NER is the extraordinarily broad substrate
specificity, which includes adducts formed
by UV light, environmental and food mu-
tagens such as benz[a]pyrene or acetyl-
aminofluorene and antitumor agents such
as cisplatin.[27] NER therefore appears to
have evolved as an adaptable pathway able
to deal with a wide variety of lesions that
may result from a changing environment.
Cell biological and biochemical studies
have shown that NER operates through
the coordinated and sequential assembly
of the involved proteins at sites of the
lesion and involves the following basic
steps: damage recognition and opening of
the DNA around the lesion, dual incision
of the DNA releasing an oligonucleotide
containing the lesion of 24–32 nucleotides
in length, DNA polymerase-mediated fill-
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Fig. 1. Substrate specificity and primary structure of ERCC1-XPF and XPG. A. ERCC1-XPF
makes the incision 5’ to a lesion in NER and cleaves bubble and splayed arm substrates with 3’
ssDNA overhangs. Cleavage sites are indicated by red arrows. ERCC1-XPF forms an obligate
heterodimer through the helix-hairpin-helix regions (blue). Conserved acidic and basic residues
of the nuclease active site domain are shown in red and blue, respectively. The central domain of
ERCC1 that interacts the XPA protein and the helicase-like domain of XPF are indicated. B. XPG
makes the incision 3’ to a lesion in NER and cleaves bubble and splayed arm substrates with 5’
ssDNA overhangs. Cleavage sites are indicated by blue arrows. The nuclease active site of XPG
is made up of the N and I region (orange, acidic active site residues are indicated by red lines) and
is separated by the 600 amino acid spacer region. Interaction sites for the TFIIH, RPA and PCNA
proteins are shown.
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which no longer includes XPC-RAD23B
(Fig. 2C).[41] XPA, once believed to be the
initial damage recognition factor, preferen-
tially interacts with non B-form structures
that may mimic structural features of the
NER preincision complex.[42] XPA inter-
acts with the ssDNA binding protein RPA,
another factor of the preincision complex,
with DNA structures arising as NER inter-
mediates.[43] RPA has many roles in DNA
metabolism, notably in the replication of
the lagging strand, and it has been shown
that each RPA trimer covers a binding site
of 30 nucleotides.[44] The RPA binding site
is therefore strikingly similar to the size
of the excised fragment in NER. It is thus
believed that RPA protein binds to the non-
damaged strand of DNA in NER, where it
helps to position the two endonucleases
ERCC1-XPF and XPG.[45]

XPGisthefirstof thetwoendonucleases
to arrive at NER complexes and is recruit-
ed by direct interaction with TFIIH.[23,46]

The first role of XPG in NER appears to
be entirely structural: independently of the
catalytic activity of the protein, it contrib-
utes to the stabilization of the preincision
complex involving TFIIH, XPA, RPA and
XPG (Fig. 2C).[41,47] Although XPG inci-
sion activity has been observed in some
instances at this point, the endonuclease
activity is not likely to be revealed under
physiological conditions (see below).[28,48]

Consistent with this notion, we have
shown that XPG has distinct requirements
for binding and cleaving DNA.[20] We in-
terpret this to mean that a rearrangement
of a domain in XPG has to occur for the
catalytic activity to be revealed subsequent
to DNA binding. A similar mechanism has
been proposed for the XPG family member
FEN1.[49]

Recruitment of ERCC1-XPF by
Interaction with XPA

The last factor to join the preincision
complex is the second endonuclease,
ERCC1-XPF, and following its recruit-
ment, the two incisions and repair synthe-
sis are initiated.[30,31,41] It has been estab-
lished that an interaction between XPA and
ERCC1 is necessary for NER and that this
interaction involves three highly conserved
glycine residues at positions 72–74.[50] The
region of XPA that interacts with ERCC1
is unstructured in the free protein.[16,51]

We have identified and characterized a
small region in XPA that is necessary and
sufficient for the interaction with ERCC1-
XPF to sites of NER through interaction
with the central domain of ERCC1.[18] A
14 amino acid peptide encompassing resi-
dues 67–80 undergoes a disorder to order
transition upon binding ERCC1 assuming
a tight turn made up of the conserved gly-

ing in of the resulting gap and ligation of
the nick.

Damage Recognition and Verifica-
tion by XPC-RAD23B and TFIIH

NER is initiated by the XPC-RAD23B
protein that has been shown to be required
for the recruitment of all subsequent factors
to sites of NER in vitro and in vivo.[28–31]

XPC-RAD23B binds specifically to he-
lix-distorting lesions such as UV-induced
6-4-photoproducts (6-4PP), benz[a]py-
rene- and AAF-derived adducts (Fig. 2A).
The repair of some less distorting DNA
adducts, in particular UV-induced cyclo-
pyrimidine dimers (CPDs), additionally
involves the DDB1-DDB2 protein com-
plex.[32] Biochemical and structural stud-
ies have revealed that XPC-RAD23B binds
sites in a duplex with single-stranded DNA
character rather than a specific DNA lesion
itself.[33,34] XPC-RAD23B also bind to
thermodynamically destabilized sites such
as base–base mismatches that do not con-
tain chemical modifications. This lesion-
unspecific binding mechanism allows the
protein to recognize a variety of structur-
ally diverse lesions, but necessitates a step
to verify the presence of a lesion since

NER only excises bulky lesions and not
mismatches.[33,35]

It is widely believed that damage verifi-
cation is accomplished by the next factor to
be recruited to NER complexes, the ten sub-
unit transcription/repair factor TFIIH.[36]

TFIIH has two helicase subunits, XPB and
XPD, which generate an open structure
around the lesion (Fig. 2B).[28,37,38] While
the mechanism by which TFIIH operates
in NER remains to be established, avail-
able data are consistent with a role for XPB
in prying open the DNA around the lesion
using its ATPase activity,[38,39] allowing the
XPD helicase to track along the DNA and
separate the two strands until it is stalled
when it encounters the lesion. Structural
alterations such as mismatches that are
bound by XPC-RAD23B but do not con-
tain a chemical modification will not lead
to a stalling of XPD leading to the disen-
gagement of TFIIH and XPC-RAD23B.[40]

Stable Preincision Complex
Formation with XPA, RPA and XPG

The immobilization of TFIIH facili-
tates the recruitment of XPA, RPA and
XPG to sites of DNA damage leading to the
formation of a relatively stable complex,
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Fig. 2. The nucleotide excision repair (NER) pathway. A. Bulky DNA lesions recognized by XPC-
RAD23B (A). XPC-RAD23B binds to the undamaged strand of DNA, allowing for the recruitment
of TFIIH (B) and the verification of the lesion by the XPD subunit. This allows the formation of the
preincision complex by recruitment of XPA, RPA and XPG (C). Recruitment of ERCC1-XPF to the
preincision complex through interaction with XPA leads to incision 5’ to the lesion (D). The free 3’-
OH thus generated leads of the initiation of repair synthesis by Polδ, ε, κ and associated factors
(E), triggering 3’ incision by XPG. Completion of repair synthesis and sealing of the nick by DNA
Ligase 3α or DNA Ligase I completes the process (F).
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cines 72–74 (Fig. 3). A number of residues
(N110,Y145 andY145) in ERCC1 line the
XPA binding pocket and pack against G72,
G73, G74 and F75 residues in the XPA
peptide. Mutation in these interacting resi-
dues in ERCC1 and XPA severely affect
NER activity in vitro and in vivo. We found
that the 14 amino acid peptide of XPA used
in the structural studies was a specific in-
hibitor of NER, blocking the repair of cis-
platin DNA adducts.[18] A peptide in which
the highly conserved F75 was mutated to
an alanine failed to inhibit NER, indicat-

ing that the inhibition of NER by the XPA
peptide is highly specific. This work estab-
lishes that the interaction between ERCC1
and XPA might be targeted by small mol-
ecules to inhibit the repair of DNA adducts
formed by cisplatin and related agents to
increase efficiency of these agents in anti-
tumor therapy.

5’ Incision by ERCC1-XPF Triggers
DNA Incision and Repair Synthesis

Once both endonucleases are in place,
incisions 5’and 3’ to the lesion by ERCC1-
XPF and XPG, respectively, take place.
Following the removal of the damage-
containing oligonucleotide, the resulting
gap is filled in by repair synthesis involv-
ing polymerases δ and κ, the clamp loader
RFC, the processivity factor PCNA.[52]

Following the fill-in reaction, the nick in
the DNA is sealed by XRCC1-DNA ligase
3α or DNA ligase 1, thus completing the
NER process.[53]

We reasoned that the two incisions
should be tightly coordinated with each
other and with repair synthesis to avoid the
formation of unwanted long-lived ssDNA
gaps. Consistent with this idea, it had
previously been shown that the two inci-
sion events occur in a near simultaneous
manner.[48,54] Using catalytically inactive
versions of ERCC1-XPF and XPG (XPF-
D676A and XPA-E791A), we and others
have shown that 5’ incision by XPF re-
quires the presence, but not catalytic activ-
ity of XPG, while efficient 3’ incision by
XPG only occurs following 5’ incision by
XPF.[37,47,55] Furthermore, we showed that
repair synthesis can be initiated in the pres-
ence of catalytically inactive XPG in vitro,

filling in about half of the gap (Fig. 2E).[55]

Cellular studies corroborated these bio-
chemical findings. To study NER, cells
can be irradiated with UV light through
a polycarbonate filter with pores that are
translucent to UV light. In this way a pat-
tern of local UV irradiation can be estab-
lished and the UV-damaged DNA and
NER proteins recruited to the damaged
DNA as part of the repair process can be
detected using fluorescently labeled anti-
bodies.[30] In the context of the coordina-
tion of the dual incision and repair synthe-
sis steps, we used this approach to show
that the recruitment of the repair synthesis
machinery to sites of NER (exemplified
by PCNA, Fig. 4), required the presence
and catalytic activity of XPF, but not 3’
incision by XPG. These findings demon-
strate that repair synthesis can occur prior
to XPG incision, providing an important
regulatory mechanism to avoid the forma-
tion of ssDNA gaps. We are now further
investigating how the regulation of the
dual incision and repair synthesis occurs.
An additional possible key factor involved
is RPA, which remains associated with the
NER machinery well past the dual incision
stage, possibly providing a platform for
this transition.[31,56] RPA is ideally suited
to play this role, as it is believed that it
is bound to the non-damaged complemen-
tary strand during NER and that it has a
role in the repair synthesis step similar to
its role in replication.[45]

Conclusions

Structure-specific endonucleases have
essential roles in maintaining genome sta-
bility in a number of DNA repair pathways.
The work from our and other laboratories
described here provides insight into how
two of these enzymes, ERCC1-XPF and
XPG, operate in the nucleotide excision
repair pathway. Through interaction with
specific DNA structures and with other
proteins, the activity of these enzymes is
regulated such that they specifically cleave
DNA as part of the NER pathway, avoiding
the formation of aberrant DNA breaks that
could threaten the integrity of DNA. This
work has implications for the understand-
ing of how the occurrence of mutations and
carcinogenesis is avoided in healthy cells
as well as for cancer chemotherapy. DNA
repair pathways such as NER can lead to
resistance of tumor cells to agents such as
cisplatin that are extensively used in anti-
tumor therapy.
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