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Abstract
Two recent reports provide new physical information on how the XPA protein recruits the ERCC1-
XPF heterodimer to the site of damage during the process of mammalian nucleotide excision repair
(NER). Using chemical shift perturbation NMR experiments, the contact sites between a central
fragment of ERCC1 and a XPA fragment have been mapped. While both studies agree with regard
to the XPA binding site, they differ on whether the ERCC1-XPA complex can simultaneously bind
DNA. These studies have important implications for both the molecular process and the design of
potential inhibitors of NER.

1. Introduction
In this Hot Topics review, we describe the results of two recent papers that report the interaction
of a fragment of human XPA with human ERCC1, [1,2]. Prior to discussing these two studies,
we will briefly review the process of nucleotide excision repair and the pertinent literature
leading up to these papers.

DNA is the hereditary molecule of life and cells have evolved elaborate strategies to protect it
from damage. Nucleotide excision repair (NER) is one pathway utilized by cells to repair
endogenous and exogenous DNA damage [3]. In mammalian cells, NER involves 11 factors
composed of over 30 proteins whose combined activities find and excise DNA damage from
the genome, for a recent review see Gillet and Scharer [4].

There are two distinct pathways for NER: transcription-coupled repair (TCR), which
preferentially recognizes and repairs DNA lesions in actively transcribed genes and global
genome repair (GGR), which removes lesions from the remainder of the genome. NER is an
ATP-dependent multistep process. The reaction pathway has been defined based on
biochemical assays in vitro and local UV-irradiation combined with immunofluorescence
localization of repair proteins in vivo. Together these techniques reveal that NER proceeds
through the sequential ordered assembly of protein complexes instead of repair taking place
within a pre-organized “repairosome” [5,6].

The basic steps of the NER reaction are DNA distortion recognition, damage verification, repair
complex assembly, dual incision and damage excision, DNA resynthesis and ligation. While
the precise order of addition of the damage recognition factors remains somewhat controversial
[7], the favored working model for GGR is described below and see Fig. 1. DNA distortion
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recognition is initiated by the XPC-HR23B-centrin complex. DDB1-DDB-2 (XPE) also
participates in recognition of some lesions especially cyclobutane pyrimidine dimers. The
DNA damage is verified by opening of the DNA strands surrounding the lesion by the
transcription factor TFIIH. The activities of two components of TFIIH, XPB and XPD, are
essential for this strand opening and repair complex assembly. XPA and RPA are then
recruited to the opened structure surrounding the lesion. XPG, the nuclease responsible for
incision 4-8 nucleotides 3′ to the lesion, is engaged by interactions with TFIIH and XPA. XPC-
HR23B is believed to be released upon entry of XPG. The last complex to be recruited to the
lesion prior to incision is the ERCC1-XPF endonuclease. The heterodimer associates with the
complex by its interactions with XPA, RPA and XPB. ERCC1-XPF is recruited independently
of XPG and is required for the 5′ single strand cut ∼20 nucleotides from the lesion. Addition
of XPF induces the dual strand incisions on the damaged strand, allowing damage
excision and release of TFIIH and XPA. Finally, pol δ/ε, pol κ, RFC, PCNA, RPA, DNA ligase
I and DNA ligase III conduct repair synthesis and ligation of the nascent DNA to the parental
strands (see Gillet and Scharer and references site therein [4,8,9]).

Recent NMR and X-ray crystallography studies are beginning to define the protein-DNA and
protein-protein interactions between and among NER factors. During the past five years several
exciting structures of eukaryotic NER proteins, or fragments thereof, have appeared and a
detailed structural picture is beginning to emerge that more clearly defines the physical
interactions between the NER components and DNA at atomic resolution, see Table 1 [1,2,
10-23].

ERCC1-XPF Focus
ERCC1-XPF is a structure specific endonuclease that prefers to cleave at the ssDNA/dsDNA
junction of DNA structures such as hairpins, splayed arms and bubbles [15,16,24]. XPF is the
subunit that contains the active nuclease center, Fig. 2 and 3A. In addition, XPF contains an
N-terminal helicase-like fold, and a C-terminus tandem helix-hairpin-helix (HhH2) domain.
The helicase-like fold of human XPF is not conserved among the XPF family members and
in vitro it is dispensable for nuclease activity [15]. However, the efficiency and specificity of
the incision reaction declined upon deletion of this domain.

ERCC1 contains a XPF-like nuclease fold, Fig. 3B, it is catalytically inactive, and has been
hypothesized to have arisen from a gene duplication of XPF [25]. ERCC1 also contains a C-
terminal HhH2 fold which is essential for dimerization with XPF [16]. ERCC1 and XPF
mutually stabilize one another through interactions between their HhH2 domains [16,26-29].
ERCC1's nuclease fold has been solved by NMR and X-ray crystallography ([1,2,15], PDB
records 2JPD, 2JNW and 2A1I, respectively) and the nuclease domain of Aeropyrum pernix
XPF-like protein has been solved with and without DNA ([17], PDB files 2BHN, 2BGW). The
structures revealed a conserved architecture of 6 stranded β-sheet flanked on either side by α-
helixes. This domain organization was also seen in another nuclease, Pyrococcus furiosus Hef
[30]. All of these proteins share structural homology with the type II family of restriction
endonucleases [30-32]. While ERCC1 shares the nuclease fold with the other XPF family
members, the conserved catalytic amino acids have diverged [25]. In archaea, the XPF-like
proteins form a homodimer, and the two active nuclease centers interact [30,33]. In contrast,
human ERCC1-XPF form heterodimers and the nuclease centers do not form a stable complex
[15].

The HhH2 domains of human ERCC1 and XPF have been solved by X-ray crystallography
and NMR, Fig. 3C (2A1J, [1,2,15]; 1Z00, [16]; 2AQO, [21]). In addition, the same domain
was crystallized from the archaea A. pernix XPF in the presence and absence of DNA [17].
The all α-helix structure is the dimerization domain between ERCC1 and XPF and it revealed
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an extensive network of hydrophobic interactions that are shared between the two proteins
[15,17,29]. Thus explaining how the two proteins mutually stabilize one another. This dimer
interface between ERCC1 and XPF homologs is not conserved in lower eukaryotes [28].

The helix-hairpin-helix domain is present in numerous DNA repair proteins in part because it
mediates nonspecific DNA binding by making electrostatic interactions with the DNA
phosphate backbone [34,35]. The domains in ERCC1 and XPF are structurally similar to the
tandem HhH2 found in the prokaryotic proteins UvrC and RuvA [16,36-39]. The DNA binding
properties of the isolated HhH2 domains of ERCC1 and XPF have been evaluated [16]. The
authors showed that the DNA binding affinity of the HhH2 heterodimer was weaker than that
observed for full-length ERCC1-XPF; however the DNA substrate binding preference was
preserved. To map the amino acids that might be involved in the HhH2 heterodimer-DNA
interaction Tripsianes et al. performed amide chemical shift perturbation experiments [16].
Specific shifts were observed in the hairpin of ERCC1's monomer whereas no shifts were
observed in the corresponding hairpin region of the XPF subunit. From these observations the
authors suggested that only ERCC1's HhH2 domain participates in DNA binding.

The results and model, from Tripsianes et al. above, differ from data obtained from the crystal
structure of A. pernix homodimeric XPF with DNA [17] and the proposed model by Tsodikov
et al. [15] of how the HhH2 domains of ERCC1-XPF interact with DNA. In the A. pernix XPF,
both HhH2 subunits were shown to interact with DNA. Since no experimental evidence exists
to support the role of XPF's HhH2 in DNA binding, perhaps this region of XPF has evolved
another function; maybe it provides a protein-protein interaction site.

ERCC1 and XPA
Previously, deletion mutagenesis and the yeast two-hybrid system were used to identify the
region of XPA that was responsible for the interaction with ERCC1, and vise versa [40-42].
The research led to the identification of regions on XPA, residues 58-114, and ERCC1, residues
91-118, that are important for the interaction. Furthermore, Li et al. discovered that deletion
of three glycine residues of XPA, Gly72-Gly74, reduced the interaction between ERCC1 and
XPA [41]. Interestingly, the minimal DNA binding domain of XPA, denoted as XPA-MDB
in Fig. 2, is adjacent to the XPA-ERCC1 site of interaction. Future structures of a XPA-ERCC1-
XPF-DNA complex may reveal whether DNA flows from XPA's DNA binding domain through
ERCC1 to the nuclease center in XPF or whether the ERCC1-XPF heterodimer does not engage
the DNA until XPA leaves. The latter of course would be a means of regulating the nuclease's
activity.

XPA recruits ERCC1-XPF to repair sites
Using beautiful immunofluorescent labeling techniques, it has been shown that XPA recruits
ERCC1-XPF into repair foci [6,43]. Two recent papers have appeared that re-examine how
XPA helps recruit the ERCC1-XPF complex to the site of damage thereby facilitating incision
[1,2]. These two studies use several biophysical techniques including X-ray crystallography
and NMR to probe this interaction.

ERRC1 is believed to have evolved from an ancient XPF [25] and the central domain of ERCC1
shares a XPF nuclease fold consisting of a six-stranded β-sheet flanked by five α -helices on
both sides, Fig. 3. [1,2,15]. The study by Tsodikov et al. 2007 [2] created a co-crystal of the
central domain of ERCC96-114 and a small synthetic peptide of XPA67-80. The fold of the
ERCC1 fragment was obtained using molecular replacement based on their previous X-ray
structure of the unliganded ERCC1 fragment [15]. The XPA67-80/ERCC1 complex was built
based on the low resolution ERCC1 X-ray structure (4 Å) and distance restraints (n = 109, 18
intermolecular) from NOESY NMR experiments of the labeled ERCC1192-214 fragment and

Croteau et al. Page 3

DNA Repair (Amst). Author manuscript; available in PMC 2009 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



XPA67-80 complex. The refined structure suggested that XPA67-80 bound to the central cleft
of ERCC1 which is homologous to the nuclease active site of XPF.

The study by Tripsianes et al. [1] took a completely NMR approach by solving the ERCC1
structure using triple labeled 1H, 15N, and 13C ERCC196-219 and standard triple resonance
techniques to assign distance constraints (n= 2669) to create an ensemble of 20 conformers for
ERCC196-219. The NMR structure [1] was in good agreement with the previous crystal structure
[15] of the central ERCC1 domain (rmsd 1.1 Å for 108 Cα atoms). The study by Tsodikov et
al. 2007 [2] used equilibrium sedimentation and fluorescence anisotropy, and Tripsianes et al,
2007 [1] used 3D-NMR experiments to determined the stoichiometry of the interaction to be
one XPA per ERCC1 molecule.

Both studies used chemical shift perturbation experiments to map the interaction of an XPA
fragment onto the central ERCC1 domain [1,2]. For their analysis, Tsodikov et al. [2] mapped
the XPA 67-80 fragment onto 15N-labeled ERCC96-214, and in the Tripsianes et al. [1] case,
XPA59-99 was mapped onto a similar, but not identical, central fragment of 15N labeled
ERCC196-219 (as we will see this becomes important later see discussion below regarding DNA
binding).

Chemical shift perturbation is a powerful NMR technique that in these two cases examined
the 1H-15N HSQC spectra of the ERCC1 fragment unbound versus bound to a small unlabeled
XPA fragment. Specifically, 15N HSQC is a 2D spectroscopic technique that looks at the
correlations between the nitrogen atom of an amide group with the bound proton. The amide
chemical shift is sensitive to the local environment in both nitrogen and proton dimension.
Since there is only one backbone HN per amino acid, each residue should have one HSQC
signal (except proline), thus an HSQC spectrum is like a “fingerprint” of the protein. When a
protein binds a protein or nucleic acid, the nuclei at the binding interface will experience the
local chemical environment changes, which lead to chemical shift perturbation. The
perturbation can be due to two effects: residues close to the interface of the complex will be
perturbed by the partner close by; or, the global conformational changes of the protein itself
occur upon adding the partner. Therefore, the specific 1H-15N resonances associated with
particular amino acid residues will potentially change if bound by a specific ligand, which in
this case is the XPA fragment. The one limitation of this approach is the proper assignment of
the 1H-15N cross-peaks to the correct amino acid. Comparison of the two spectra reported in
these two studies showed very similar chemical shifts, albeit a few were differently assigned.
Despite these differences the two data sets clearly showed significant perturbations around
ERCC1 residues 139 -157, and a secondary perturbation, albeit less dramatic, between residues
107-112. Both studies agreed that these regions define a deep V-shaped cleft on ERCC1 that
is the binding site for XPA see figure 3 in [1] and figure 2 in [2]. Thus, confirming the
ERCC196-214-XPA67-80 co-crystal structure and assignments by Tsodikov et al. 2007 [2].

The interaction of the XPA fragment with this cleft implicated several critical side-chains that
may mediate the interaction between the XPA fragment and the central domain of ERCC1.
These included the highly conserved residues in XPA, T71GGGFI76, that are hypothesized to
make critical contacts with Q107, N110, L139, F140, L141, S142, R144, Y145, Y152 and
R156 in ERCC1, Fig 3B. The important role of F75 in XPA's interaction with ERCC1 has not
been previously described, and Tsodikov et al. 2007 [2] showed that the F75A mutation in full
length XPA lacked the ability to complement an XPA deficient cell extract for performing dual
incisions around a 1,3 intrastrand cisplatin adduct, but the mutant protein bound tightly to a
three-way junction substrate. This group also explored whether the XPA67-80 fragment was
capable of interfering with the repair reaction and/or the nuclease activity of the ERCC1-XPF
heterodimer. They showed that while the XPA peptide is sufficient to block dual incision of a
1,3 intrastrand cisplatin adduct, incision of a 12 base pair stem 22 base loop substrate is
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unaffected. From these data, they concluded that recruitment of ERCC1-XPF to the damaged
site is blocked by the XPA peptide, thus blocking the dual incision. Direct molecular proof of
such inhibition could be confirmed using damaged DNA substrates attached to beads in
conjunction with pull-down experiments, such as those used by Egly and coworkers [43].

The last topic that both studies addressed is whether the cleft in ERCC1 that binds XPA is also
capable of binding DNA. While the ERCC1-XPF heterodimer has been proposed to make
contact with DNA through its HhH2 domain based on NMR chemical shift perturbation
experiments [15,16], further experimental proof awaits site directed mutagenesis. Tripsianes
et al. [1] used chemical shift perturbation experiments in which the chemical shifts of 1H-15N
HSQC spectra of the ERCC1 fragment is monitored in the absence and presence of a 20 base
DNA bubble substrate consisting of duplex with a 10 base internal bubble. They found three
regions that were perturbed in 15N-labeled ERCC196-219 upon binding to this DNA substrate,
including: N99, I102, L132, K213, A214 and the side chain amide of Q134. While residues
K213 and A214 are very near the C-terminal region of this fragment, which could be
unstructured, inhibition of DNA binding by the presence of a HIS-tag on the C-terminal residue
at 219 suggests this region is important for DNA binding. Mapping these residues to the surface
of the ERCC1-fragment showed that the putative DNA binding site is very different than the
XPA binding cleft. This model is further substantiated by NMR chemical shift perturbations
showing that both ligands can be in simultaneous contact with the 15N-labeled ERCC196-219
fragment.

It is interesting to note that these data are inconsistent with those data by Tsodikov et al. [2]
who did not perform such a DNA perturbation experiment, but used a fluorescence anisotropy
experiment with 6-carboxyfluorescein labeled XPA fragment bound to ERCC1 to explore
whether the cleft in ERCC1 is also capable of binding DNA. In this experiment the
fluorescently labeled XPA when bound to ERCC1 exhibited relatively slow rotation and high
fluorescence anisotropy. Addition of a competing single-stranded 40 mer DNA showed a
decrease in XPA fluorescence anisotropy which is consistent with both DNA and XPA
competing for the same site. These disparate data sets could be due to the different DNA
substrates used and/or the slightly different ERCC1 fragment size used in these two
experiments.

Reconciliation of these two experimental strategies has important implications into the precise
molecular dance between ERCC1-XPF, XPA and DNA. Previous work has suggested that
XPA is released from the incision complex upon the dual cleavage event [43], but it is not
entirely clear whether all three proteins can be bound simultaneously before incision occurs.
To our knowledge a direct test of this model using a nuclease defective XPF in this type of
experiment has not been performed. A further caution is warranted in that while structural
biology often necessitates the use of fragments of specific proteins, the very use of these
fragments can also lead to a “Heisenberg biological uncertainly principle” in that these
fragments might have new or different properties that are not present in the complete protein.
Future studies will clearly define the precise DNA binding sites on ERCC1 and whether
ERCC1-XPF can simultaneously bind DNA and XPA on its path to mediating the 5′ incision
at damaged sites during the process of NER.

Finally it is important to remember that ERCC1-XPF has other functions within the cell, namely
it participates in interstrand DNA cross-link repair [44-46], homologous recombination [47]
and telomere maintenance [48,49]. Curiously, an active XPF nuclease is not required for
telomere maintenance [50]. It is interesting to speculate whether ERCC1's non-nuclease active
site cleft has evolved to physically interact with other protein partners such that it will target
XPF to work in these other cellular processes.
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Fig. 1. Model of Mammalian General Genome Repair
Mammalian NER proceeds through the sequential addition or exit of repair factors. See text
for more details. The dashed red box in the penultimate step emphasizes the ERCC1-XPA
interaction under investigation by Tripsianes et al. [1] and Tsodikov et al. [1,2].
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Fig. 2. The domain organization of XPF, ERCC1 and XPA
The homology-based domains of human proteins are shown in different boxes with the
boundary residue numbers. Known protein-protein interactions are denoted beneath the graphic
representations.
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Fig. 3. The structures of the nuclease domain of A. pernix XPF (PDB ID: 2BGW), the nuclease-like
domain of human ERCC1 (PDB ID: 2JPD) and the C-terminal HhH2 domain of human ERCC1-
XPF complex (PDB ID: 2A1J)
(A) The crystal structure of the nuclease domain of A. pernix XPF. The important catalytic
residues, Glu62, Arg63 and Lys64, are labeled green. (B) The NMR structure of the nuclease-
like domain of human ERCC1. The non-catalytic residues in ERCC1's nuclease-like fold are
Leu139, Leu141 and Phe140 and are noted in green. Those residues in black are proposed to
interact with residues 67-80 in XPA (C) The crystal structure of the human C-terminal HhH2
domain complex between the XPF and ERCC1. ERCC1 C-terminal domain is shown as green
and XPF C-terminal domain as blue.
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