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Poly(ADP-ribose)-mediated interplay of XPA and PARP1
leads to reciprocal regulation of protein function
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Poly(ADP-ribose) (PAR) is a complex and reversible post-translational modification that controls protein function and localization through covalent
modification of, or noncovalent binding to target proteins. Previously, we
and others characterized the noncovalent, high-affinity binding of the key
nucleotide excision repair (NER) protein XPA to PAR. In the present study,
we address the functional relevance of this interaction. First, we confirm that
pharmacological inhibition of cellular poly(ADP-ribosyl)ation (PARylation)
impairs NER efficacy. Second, we demonstrate that the XPA–PAR interaction is mediated by specific basic amino acids within a highly conserved
PAR-binding motif, which overlaps the DNA damage-binding protein 2
(DDB2) and transcription factor II H (TFIIH) interaction domains of XPA.
Third, biochemical studies reveal a mutual regulation of PARP1 and XPA
functions showing that, on the one hand, the XPA–PAR interaction lowers
the DNA binding affinity of XPA, whereas, on the other hand, XPA itself
strongly stimulates PARP1 enzymatic activity. Fourth, microirradiation
experiments in U2OS cells demonstrate that PARP inhibition alters the
recruitment properties of XPA-green fluorescent protein to sites of laserinduced DNA damage. In conclusion, our results reveal that XPA and
PARP1 regulate each other in a reciprocal and PAR-dependent manner,
potentially acting as a fine-tuning mechanism for the spatio-temporal regulation of the two factors during NER.
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Introduction
Poly(ADP-ribosyl)ation (PARylation) is a complex
post-translational modification observed in higher
eukaryotes. Upon different stimuli, such as genotoxic
and other forms of cellular stress, enzymes of the
family of PARPs [poly(ADP-ribose) polymerases],
also known as ADP-ribosyltransferases with diphtheria toxin homology; ARTDs), use NAD+ as a substrate to synthesize the biopolymer poly(ADP-ribose)
(PAR) with a variable chain length consisting of up
to 200 ADP-ribose moieties [1–3]. Within the PARP
family, PARP1 accounts for the bulk of cellular
PARylation activity, in particular upon binding to
DNA strand breaks under conditions of genotoxic
stress [4]. Importantly, high amounts of PAR are
only transiently present in the cell because PAR is
rapidly hydrolyzed by poly(ADP-ribose) glycohydrolase (PARG) [5,6]. The modification of target
proteins occurs via two different modes: either PAR
is covalently attached to specific amino acids, such as
Glu, Asp and Lys, or proteins interact with PAR
noncovalently via at least five different PAR-binding
modules [7,8]. Thereby, PARylation acts as a highly
dynamic post-translational modification that controls
the spatio-temporal localization and function of
its target proteins [1]. Accordingly, PARylation is
involved in multiple cellular processes such as DNA/
RNA metabolism, proteostasis, chromatin modification, transcription, cell cycle regulation and cell death
[9,10]. In particular, PARP1-dependent PARylation
participates in the repair of DNA single and doublestrand breaks [3]. Moreover, several reports imply a
role of PARP1 in nucleotide excision repair (NER)
[11–17]. NER is the principal repair mechanism for
the removal of bulky helix-distorting DNA adducts,
such as UV-light-induced cyclobutane pyrimidine
dimers (CPDs) or pyrimidine (6-4) pyrimidone photoproducts (6-4PP) [18]. Two distinct modes of NER
are known: global genome repair and transcription
coupled repair. Whereas, in transcription coupled
repair, DNA damage signaling is mediated via CSA/
CSB proteins, global genome repair relies on the
damage recognition by XPC and the UV–DDB complex (DDB1-DDB2-containing E3-ubiquitin ligase
complex). Subsequent to DNA damage recognition,
both subpathways merge into the same pathway,
characterized by damage verification via XPA, DNA
unwinding by the helicases XPB and XPD, excision
of the damaged DNA fragment by the nucleases excision repair cross-complementing repair deficiency
complementation group 1 (ERCC1)/XPF and XPG,
and DNA resynthesis and ligation via Pol d/e and
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ligase I/III. Specifically, it has been reported that
UV-C light activates cellular PARylation [11], and
that PARP inhibition renders cells sensitive to UV-C
irradiation [13,15] and sensitizes mice for the development of UV-B-induced skin cancers [19]. With
regard to the potential underlying molecular mechanisms of these findings, several recent studies indicated that the damage recognition protein DDB2
directly interacts with PARP1, which promotes
PARP1 activation, subsequent chromatin relaxation,
and recruitment of XPC and the chromatin-modifier
ALC1 [12–16]. Furthermore, it has been reported
that PARP1 physically interacts with XPA and
PARylation may strengthen this interaction [17].
XPA is considered the rate-limiting factor in the
NER process. It is part of the core NER incision
complex that is essential for the initial phase of the
NER and interacts with DNA, as well as with many
other NER subunits, including the UV–DDB complex [20,21]. Mechanistically, it is considered that
XPA contributes to DNA damage verification and
the coordination of assembly of downstream NER
complexes [20,21]. Using peptide binding studies,
Pleschke et al. [22] identified a PAR-binding motif
(PBM) within XPA consisting of a consensus
sequence of basic and hydrophobic aa [22]. Followup studies using an electrophoretic mobility shift
assay (EMSA) and surface plasmon resonance analysis revealed that also full-length XPA interacts with
PAR with high affinity [23]. Interestingly, XPA displayed differential binding for PAR depending on the
polymer chain length, thus favoring binding to long
PAR chains (55-mer) over short ones (16-mer)
[23,24]. These results suggest a regulatory function of
PARylation for XPA activity during NER.
In the present study, we address the functional consequences of the noncovalent XPA–PAR interaction. In
particular, we show that the XPA-PBM is highly conserved within the animal kingdom and that the XPA–
PAR interaction is mediated by specific basic amino
acids. Furthermore, we demonstrate that, although the
DNA binding affinity of XPA is inhibited by noncovalent PAR binding, XPA, in turn, strongly stimulates
PARP1 activity in an in vitro PARylation assay. In
addition, cellular studies revealed that PARylation is
necessary for efficient recruitment of XPA to sites of
laser-induced DNA damage. Taken together, our results
reveal that XPA, PARP1 and PAR regulate each other’s
functions in a tightly controlled manner, presumably to
fine-tune the spatio-temporal assembly or disassembly
of macromolecular complexes during NER.
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Results
PARylation affects cellular NER efficacy
To determine whether PARylation plays a functional
role in NER, we used two independent approaches to
study cellular NER capacity as a function of cellular
PARylation. First, we measured the kinetics of 6-4PP
removal in HeLa cells after UV-C irradiation using an
immunochemical slot blot technique. As shown in
Fig. 1A, after a recovery time of 30–60 min, the signal
intensities of 6-4PP immunostaining decreased significantly by approximately 35–45%, indicating the efficient
removal of these adducts in HeLa cells. Of note,
removal of 6-4 photoproducts occurred at a significantly
slower rate in the presence of the PARP inhibitor PJ34
(Fig. 1A), which is in agreement with previous studies
[12,13,17]. Because it has been revealed that PJ34 exhibits significant PARP-independent off-target effects
[25,26], we used the clinically relevant pharmacological
PARP inhibitor ABT888 in a second approach to investigate the role of PARylation in NER. Accordingly, we
performed a fluorimetric host cell reactivation assay in
human primary foreskin fibroblasts based on two-wavelength enhanced green fluorescent protein (eGFP) and
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DsRed reporter technology [27]. In this assay, a plasmid
encoding a DsRed reporter protein was irradiated with
UV-C light. Then, the damaged plasmid was cotransfected with a non-irradiated plasmid encoding eGFP,
which served as a transfection control, into fibroblasts.
Cells were analyzed by flow cytometry, and restoration
of dsRed expression was used as a direct readout for cellular NER capacity. Figure 1B demonstrates that PARP
inhibition led to a mild but significant reduction in the
repair capacity by approximately 10%, which is in
agreement with previous results comparing wild-type
with XPA-deficient or PARP1-depleted fibroblasts
[13,27]. In summary, our results confirm a moderate but
significant role of PARylation in the repair of UV-Cinduced DNA damage.

XPA interacts with PAR noncovalently via a
strongly conserved PBM
Using EMSA and surface plasmon resonance analyses,
we previously demonstrated that full-length XPA
displays a high-affinity binding to long PAR chains
(55-mer), with KD values in the low nanomolar range
[23]. Furthermore, Pleschke et al. [22] mapped the

Fig. 1. PARP inhibition decreases cellular NER capacity. (A) Removal of 6-4PP in HeLa cells after UV-C irradiation ( PARP inhibition, PJ34,
5 lM). Cells were irradiated with 10 Jm2 UV-C light, DNA was extracted at time points as indicated, and equal amounts (250 ng per slot)
were immobilized on a nylon membrane. Afterwards, 6-4PPs were detected using an anti-6-4PP mAb. Data represent the mean  SEM
from five independent experiments, each performed in technical triplicates. Statistical analysis was performed using one-way analysis of
variance testing followed by Dunnett’s post-test. Comparison between control and PJ34-treated samples at 30-min repair time was
performed using a two-tailed paired t-test. (B) NER capacity in primary human fibroblasts was measured by host cell reactivation assay as
described previously [53]. ABT888 was added to the medium 30 min before transfection of cells with an UV-C-irradiated reporter plasmid.
Repair capacity was evaluated 24 h after transfection by analyzing expression levels of fluorescence reporter proteins using flow cytometry.
Data represent the mean  SEM from four independent experiments. Statistical analysis was performed using the Wilcoxon signed rank
test. *P < 0.05, **P < 0.01, ***P < 0.001.

FEBS Journal 281 (2014) 3625–3641 ª 2014 The Authors. FEBS Journal published by John Wiley & Sons Ltd on behalf of FEBS

3627

Reciprocal regulation of XPA and PARP1

J. M. F. Fischer et al.

Fig. 2. XPA binds PAR in a noncovalent manner. (A) Functional domains of XPA including predicted secondary structure elements (a-helices
in pink; b-strands in blue; disordered in yellow). The PBM is indicated in green, the Zinc finger domain (Zn finger) in red, the DNA binding
domain in black, the nuclear localization signal (NLS) in blue, and protein–protein interaction domains in orange. XAB1 indicates XPA binding
protein 1; RPA, replication protein A. (B) NMR model of the minimal DNA-binding fragment of human XPA (amino acids 98–210) based on
PDB file ‘1XPA’ [36]. The Zn finger domain is highlighted in red; the RPA70 and DDB2 interaction domains in orange. The PBM is located
right next to the C-terminal end of the structure shown and was not part of the analyzed protein fragment. (C) PAR overlay blot
demonstrating noncovalent XPA–PAR interaction. Proteins (in amounts as indicated) were separated by SDS/PAGE, immobilized on a
nitrocellulose membrane, and incubated without or with 0.2 lM PAR. After high-salt washing of membranes, protein-bound PAR was
detected using the anti-PAR mAb 10H. PAR binding to histone H1 served as a positive control; absence of PAR binding to BSA served as a
negative control.

PAR-binding site to a consensus sequence of basic and
hydrophobic amino acids (amino acids 213–237). Interestingly, this sequence overlaps with the DNA binding-,
DDB2- and TFIIH interaction domains of XPA, suggesting that PAR binding controls XPA–DDB2/
TFIIH, as well as XPA–DNA interactions (Fig. 2A,
B). In the present study, we confirmed the noncovalent
XPA–PAR interaction using an alternative approach
based on SDS/PAGE separation of full-length recombinant proteins and subsequent far-western analysis,
by incubating membranes with in vitro synthesized
PAR, followed by high-salt washing to disrupt unspecific binding, and immunochemical detection of noncovalently bound PAR (‘PAR overlay assay’).
Figure 2C demonstrates that PAR bound to XPA with
an affinity similar to that observed for the prototypical
PAR-binding protein histone H1. The multiple bands
3628

of XPA in the lane with 10 pmol XPA loaded are
assumed to reflect distinct conformations of the protein [21]. Next, using a peptide approach, we confirmed the binding of PAR to the consensus sequence
identified by Pleschke et al. [22] (Fig. 3). Interestingly,
when aligning the PBM sequences of 14 animal species
with known or predicted PARylation activity, a high
level of homology within the PBM sequence is
observed (Fig. 3A). Of note, three basic amino acids
and one hydrophobic amino acid are completely conserved across all species analyzed, suggesting a biological relevant function of the PBM. To determine which
amino acids are necessary for the XPA–PAR interaction, we exchanged four highly conserved basic amino
acids in the N-terminal part (PBM-Mut1) or three
amino acids in the C-terminal part (PBM-Mut2) to
alanines. PAR overlay studies revealed that both
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Fig. 3. The PBM of XPA is highly
conserved and the XPA–PAR interaction is
mediated by basic amino acids. (A)
Sequence alignment of the PBM of XPA
of various animal species as indicated.
Amino acids with similar biochemical
properties are indicated by the same grayshade. (B) Sequence alignment and PAR
overlay blot with XPA peptides comprising
amino acids of the wild-type PBM and two
mutant forms with exchanges of basic
amino acids to alanines as indicated.
Peptides were immobilized on a
nitrocellulose membrane and incubated
with 0.2 lM PAR. After high-salt washing,
PAR binding was detected using the antiPAR monoclonal antibody 10H. SYPRO
Ruby staining served as a peptide loading
control. Both PBM mutants show strongly
diminished PAR binding.

mutants exhibit strongly diminished PAR-binding
affinities, indicating that basic amino acids are of paramount importance for the XPA–PAR interaction
(Fig. 3B). In summary, in the present study, we
extended our investigation into the characteristics of
noncovalent XPA–PAR interaction, validating the
interaction of PAR with full-length XPA, as well as
peptides comprising the XPA–PBM, and demonstrating that the XPA–PAR interaction depends on the
presence of several highly conserved basic amino
acids.
Mutual functional regulation of XPA and PARP1
PARylation of, or PAR binding to several DNA binding proteins, such as WRN and p53, reduces the DNA
binding affinity of these proteins [24,28]. To test
whether the noncovalent XPA–PAR interaction affects
the DNA binding affinity of XPA, we performed
EMSA studies analyzing the binding of recombinant
XPA protein to a known DNA binding substrate containing a looped structure on one strand of the duplex
oligonucleotide (Fig. 4A,B). Intriguingly, when preincubating XPA with increasing amounts of PAR of a

defined chain length of 51–55 ADP-ribose moieties, a
significant reduction in the DNA binding affinity of
XPA was observed (Fig. 4C). In line with our previous
results showing that XPA favors the binding of longer
PAR chains compared to short ones [23], only long
PAR (51–55-mer) significantly inhibited XPA–DNA
binding (Fig. 4C), whereas short PAR (16–20-mer) did
not affect the XPA–DNA interaction (Fig. 4D). These
results clearly indicate that the noncovalent XPA–
PAR interaction directly affects the functionality of
XPA.
Because it has been suggested that DDB2 stimulates PARP1 activity and it is known that other
PARylated proteins such as histone H1 stimulate
PARP1 activity, we tested whether XPA also directly
influences PARP1 activity. Accordingly, we tested
PARP1 activity using two different approaches. First,
we performed an in vitro PARylation assay using
recombinant PARP1 and XPA in the presence of
NAD+ and an activator oligonucleotide that simulates DNA strand breaks and therefore serves as a
strong PARP1 activator (Fig. 5A). In this assay, the
reaction is carried out for 15 min in the presence of
high concentrations of NAD+ and therefore detects
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Fig. 4. XPA–PAR interaction inhibits
binding of XPA to DNA in vitro. EMSA to
assess the effect of PAR on XPA–DNA
interaction. XPA was pre-incubated with
increasing concentrations of PAR as
indicated and then an EMSA with a DNA
substrate of XPA was performed. (A) A
biotinylated oligonucleotide (19-mer) was
annealed with an unlabeled oligonucleotide
(25-mer), which leads to loop formation
serving as an XPA binding substrate [52].
(B) XPA–DNA EMSA with 200 fmol of the
DNA substrate shown in (A) and
increasing concentrations of recombinant
XPA as indicated. Reaction mixtures were
separated by Tris/borate/EDTA-PAGE,
DNA–XPA complexes were immobilized
on a nylon membrane, and bound DNA
detected via streptavidin-HRP. (C) Left.
The presence of long PAR (51–55-mer)
significantly inhibited the formation of an
XPA–DNA complex in a dose-dependent
manner. Right: densitometric evaluation of
three independent experiments each
performed in technical replicates. Data
represent the mean  SEM. Statistical
evaluation was performed using one-way
analysis of variance testing followed by
Dunnett’s post-test. ***P < 0.001. (D)
Left: short PAR (16–20-mer) does not
affect XPA–DNA interaction. Right:
densitometric analysis of two independent
experiments each performed in technical
triplicates.

the maximum PAR formation activity under equilibrium conditions. As expected, histone H1, but not BSA,
which served as a negative control, activated PARP1.
Interestingly, XPA strongly stimulated PARP1 activity,
suggesting a mutual regulation of PARP1–XPA protein
function in the context of active PARylation activity.
By contrast to the noncovalent XPA–PAR interaction, covalent protein modification is expected to
withstand SDS/PAGE sample preparation conditions.
Because no clear PAR signals were detected in the
molecular mass range of monomeric (approximately
40 kDa) or dimeric XPA (approximately 80 kDa), we
conclude that covalent PARylation of XPA plays no
or only a minor role in the regulation of XPA by
PAR. Although, we cannot fully exclude any potential
residual DNA contamination of our recombinant
XPA preparation, it is interesting to note that XPA
stimulated PARP1 activity even in the absence of activator DNA, suggesting direct activation of PARP1
3630

based on protein–protein interaction. Next, we used a
slot-blot PARylation assay to analyze the stimulatory
activity of XPA. In this assay, the PARylation reaction was carried out only for 30 s in the presence of
excess amounts of activator DNA and therefore determines the PARP1 activity in the dynamic phase of the
reaction. As a result of its higher throughput, the
results from this assay can be assessed in a semi-quantitative manner. As shown in Fig. 5B, these experiments confirmed that XPA stimulates PARP1 activity
in a dose-dependent manner. Remarkably, under the
conditions used in this assay, stimulation was even
higher than that achieved by histone H1. In summary,
our results from EMSA XPA–DNA binding studies
and from in vitro PARylation assays reveal a reciprocal regulation of PARP1 and XPA protein function,
suggesting that the physical and functional regulation
of the two factors contributes to efficient DNA repair
in the cell.
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Fig. 5. XPA stimulates PARP1 activity
in vitro. (A) PARylation assay using
recombinant PARP1 and XPA in the
presence of NAD+ and an activator
oligonucleotide mimicking DNA strand
breaks. Equal amounts of reaction mixtures
were separated by SDS/PAGE, immobilized
on a nitrocellulose membrane, and stained
for PAR and XPA using specific antibodies.
Histone H1 served as a positive control;
BSA served as a negative control. (B) Semiquantitative slot-blot PARylation assay
using equal amounts of recombinant
PARP1 and increasing amounts of XPA, H1
and BSA. Top: representative membrane
stained for PAR using the mAB 10H (in
technical triplicates). Bottom: densitometric
evaluation of three independent
experiments each performed in technical
triplicates. Data represent the
mean  SEM. Statistical analysis was
performed using one-way analysis of
variance followed by Dunnett’s post-test.
*P < 0.05, ***P < 0.001.

PARP inhibition alters the recruitment kinetics of
XPA to sites of laser-induced DNA damage
To determine whether PARylation affects the spatiotemporal localization of XPA at sites of DNA damage, we transfected U2OS cells with a GFP-XPA
expression construct and analyzed the recruitment
kinetics of XPA via laser scanning microscopy
(Fig. 6). In this experimental set-up, we used a pulsed
femtosecond laser at a wavelength of 775 nm to
induce DNA damage. As described previously with a
similar system [29,30], this procedure results in multiphoton absorption in the confocal volume, thereby
mimicking light of shorter wavelength analogous to
the wavelength of 258 nm that efficiently induces
DNA damage, including 6-4PP and CPDs [29,30].
Moreover, PAR and PARP1 are present at sites of
laser irradiation as evaluated by immunofluorescence
microscopy using PAR and PARP1 specific antibody
staining after laser irradiation and paraformaldehyde
(PFA) fixation of cells (Fig. 6A,B). To test the influence of PARylation on XPA recruitment kinetics, we
incubated U2OS cells with the PARP inhibitor
ABT888 (10 lM). PARP inhibition was highly effective in preventing the accumulation of XRCC1 at
damaged sites, as reported previously [31,32], thus
validating the functionality of the system and the
reagents used (Fig. 6C,D). As is evident from
Fig. 6E, laser irradiation of U2OS cells triggered the

recruitment of XPA to sites of irradiation. Quantitation of these results revealed a biphasic recruitment
pattern of XPA to sites of laser-induced DNA
damage. An initial very fast recruitment of XPA to
irradiated sites occurred within < 10 s. Subsequently,
a slower steady increase of the GFP signal was
observed until the end of measurements after 15 min
(Fig. 6F,G). Interestingly, PARP inhibition also
significantly decreased the XPA-GFP signal intensity
at damaged sites, particularly in the early phase of
XPA recruitment. After approximately 6.8 min post
irradiation, the signal intensities of XPA-GFP with or
without ABT888 treatment leveled up (Fig. 6G, black
arrow), indicating that PARylation facilitates the
recruitment of XPA to sites of DNA damage; however, it does not influence the abundance of XPA at
the lesions in later phases of NER. These findings
provide direct evidence for an active role of PARylation in the spatio-temporal control of cellular XPA
localization during the DNA damage response in the
cell.

Discussion
PARylation is a drastic post-translational modification
that leads to the spatio-temporal control of protein
function and subcellular localization [3,33]. PARylation comes in two flavors. On the one hand, proteins
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Fig. 6. PARP inhibition impairs recruitment of XPA-eGFP to sites of laser-induced DNA damage. Nuclei of U2OS cells were irradiated with a
pulsed femtosecond laser as described in the Materials and methods. (A) Immunofluorescence microscopic analysis of XPA-eGFPtransfected cells demonstrating the local formation of PAR at approximately 1 min post irradiation. Cells were fixed with PFA and stained
for PAR using the mAB 10H. (B) Immunofluorescence microscopic analysis demonstrating the recruitment of PARP1 to sites of laserinduced DNA damage at approximately 4 min post irradiation. Cells were fixed with PFA and stained for PARP1 using the mAB FI23. (A, B)
Images are brightness and contrast-adapted for better visibility. (C, D) Accumulation of XRCC1-eGFP at sites of laser irradiation and its
inhibition by PARP inhibitor treatment (ABT888). (C) Snapshots of cell nuclei before irradiation and 39 s post irradiation in the absence or
presence of 10 lM ABT888. (D) Recruitment kinetics of XRCC1-eGFP to sites of laser-induced DNA damage, acquired for 75 s in the
absence or presence of 10 lM ABT888. ABT888 completely blocked the recruitment of XRCC1 to sites of laser-induced damage. Data
represent the mean  SEM from six cells per condition. These results are in agreement with previous data [31,32]. (E–G) Accumulation of
XPA-eGFP at sites of laser irradiation in the absence and presence of ABT888. (E) Time series of XPA-eGFP accumulation at sites of
irradiation at different time points as indicated (without PARP inhibition). (F) Short-term recruitment kinetics of XPA-eGFP were acquired in
the absence or presence of 10 lM ABT888. (G) Long-term recruitment studies of XPA-eGFP. Data represent the mean  SEM of ≥ 10 cells
analyzed. Statistical evaluation was performed using two-way analysis of variance followed by Sidak’s post-test. *P < 0.05, **P < 0.001,
***P < 0.001. Scale bar = 10 lm.

can be covalently modified by PAR at specific amino
acids, whereas, on the other hand, PAR can bind to
target proteins noncovalently via at least five different
PAR-binding modules [7,8]. Of the latter, the PBM,
which is a loosely conserved sequence of approximately 20 amino acids containing a cluster rich in
basic and hydrophobic amino acids, is the most widespread one, because it is present in hundreds of cellular proteins [22,34]. Approximately 50 of them have
been validated experimentally to bind PAR in a noncovalent manner [7]. Previously, Pleschke et al. [22]
identified a PBM in the key NER factor XPA and, in
a follow-up study, we characterized biochemical properties of the noncovalent interaction of PAR with
full-length recombinant XPA [23]. In the present
study, we addressed the functional consequences of
this interaction (Fig. 7). First, we verified previous
results indicating that PARylation plays a significant
role during UV-C-induced DNA damage response
(Fig. 1) [12,13,17]. Second, we validated the noncovalent interaction of PAR with full-length XPA, as well
as with a peptide comprising the PBM amino acid
sequence, using far-western-based PAR overlay assays
and showed that several highly conserved basic amino
acids are important in mediating this interaction
(Figs. 2 and 3). Third, we demonstrated that, on the
one hand, noncovalent XPA–PAR binding impaired
the binding ability of XPA to a DNA substrate
(Fig. 4), whereas, on the other hand, XPA itself stimulates PARP1 activity in a reciprocal manner (Fig. 5).
Finally, laser-induced recruitment studies indicate that
PARylation actively controls the spatio-temporal localization of XPA in the cell (Fig. 6).
The localization of the PBM within the XPA
sequence suggests a functional role of PAR binding in
coordinating the interaction of XPA with other macromolecules because it is localized right at the interface

of the minimal DNA binding and DDB2 binding
domains to its N-terminal side [20,35,36], as well as
the TFIIH binding domain to its C-terminal side
[37,38]. Therefore, it is possible that the XPA–PAR
interaction induces conformational changes in the protein structure or that PAR serves as a repulsive or
adhesive factor for protein–protein interactions.
Whether PAR supports or disrupts protein–protein
interactions most likely depends on the specific
complex that is targeted. In particular, the proximity
of the DDB2 interaction domain is of high interest
because XPA and DDB2 share some obvious similarities with respect to their regulation by PARylation.
Thus, both XPA and DDB2 directly interact with
PARP1 in cells [12,15–17], as well as with PAR
[12,23]. Moreover, both proteins directly stimulate
PARP1 activity [12,15,16]. The finding that DDB1 is a
PARylation target as well [39] further supports a
functional role of PARylation in the regulation of the
UV–DDB complex. A conceivable sequence of events
occuring during the formation of the NER pre-incision
complex, which could reconcile the above findings, can
be proposed (Fig. 7):
(i)The UV-DDB complex binds to DNA photolesions,
which attracts and activates PARP1.
(ii)Production of PAR then leads to an initial opening
of the chromatin structure and recruitment of
downstream factors, such as ALC1 and XPC
[15,16]. Interestingly, XPC can be also covalently
PARylated upon induction of genotoxic stress [9,40]
and possesses a putative PBM [34]. In this context,
it has been recently demonstrated that PARylation
actively supports the recruitment of XPC to sites of
UV damage [12,16]. These results resemble our findings showing that inhibition of PARylation impairs
the recruitment of XPA to sites of laser-induced
damage, which provides direct evidence that PAR
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Fig. 7. Simplified model summarizing the potential sequence of events during the formation of the NER pre-incision complex. The model is
based on findings from the present study and previous studies [11–17]. It is important to note that many of these processes are highly
dynamic (e.g. PARG, which exhibits PAR endo- as well as exonuclease activity, becomes activated immediately after PARylation, is induced,
and triggers PAR degradation and release of ‘free’ PAR). Moreover, other factors (e.g. XPC) are involved in the formation of the pre-incision
complex, which have been omitted in the model for clarity. A second wave of PARylation may be associated with the incision of DNA by
NER endonucleases, which can lead to DNA-dependent activation of PARP1. For details, see Discussion.

also supports the recruitment of XPA to the site of
DNA damage. From our XPA-GFP recruitment
studies, it becomes evident that PARylation is of
particular importance in the early phase of XPA
recruitment; however, it is not essential in the long
term. This is consistent with our DNA repair studies, which demonstrate that PARP inhibition
impairs NER activity but is unable to completely
block the repair of UV-C-induced damage. Whether
or not such a positive effect of PARylation on the
recruitment of XPC and XPA is caused by a direct
attraction of the proteins to PAR or by rendering
the site of the damage more accessible by an opening to the chromatin structure is as yet unknown,
although it is likely that both factors contribute the
observed effects.
3634

(iii)Subsequently the direct XPA–PARP1 interaction
[17] can further stimulate PARP1 activity, as
suggested by our in vitro observations, which may
trigger additional PARylation and further orchestrate changes in chromatin structure and the
composition of the NER complex. In this regard,
an interesting question would be what actually triggers the activation of PARP1 at the sites of DNA
damage because all these steps noted above occur
before the induction of strand breaks by the endonucleases XPG and ERCC1/XPF and the formation of the post-incision complex. Therefore, it is
likely that direct protein–protein interactions of
DDB2 and XPA are sufficient to stimulate PARP1
activity, even without binding of PARP1 to DNA
strand breaks. Our results showing that XPA

FEBS Journal 281 (2014) 3625–3641 ª 2014 The Authors. FEBS Journal published by John Wiley & Sons Ltd on behalf of FEBS

J. M. F. Fischer et al.

stimulates PARP1 activity even in the absence of
activator DNA, as well as previous reports demonstrating that PARP1 can be activated by direct
protein–protein interactions or post-translational
modifications [41], support such a scenario.
(iv)Next, based on the finding that PAR inhibits the
XPA–DNA interaction in vitro, it is tempting to
speculate that, in the course of the NER process,
the XPA–PAR interaction causes the disassembly
of XPA from its DNA substrates.
(v)Apart from its role in the pre-incision complex,
PARylation is likely to play a role in the orchestration of the post-incision complex because a second
wave of PARylation has been observed at later
stages during UV-induced DNA damage response
[11,15]. The significance of this finding has yet to be
addressed in future studies.
Another layer of complexity is added by the fact
that XPA and PARP1 are reciprocally regulated by
the deacetylase SIRT1. In general, the functions of
PARP1 and SIRT1 are strongly linked: first, by competing for the same substrate (i.e. NAD+) and by
being inhibited by the same by-product of catalysis
(i.e. nicotinamide) and, second, by physically interacting and modifying each other, thereby reciprocally regulating their activities [42,43]. In addition, deactylation
of XPA by SIRT1 is required for optimal NER functionality and enhances the interaction of XPA with
replication protein A [44]. The molecular details and
dynamics of this XPA–PARP1–SIRT1 network are far
from understood and further studies are needed to
determine how these factors interact and react specifically during cellular NER.
Interestingly, two polymorphisms (i.e. Arg228Gln
and Val234Leu), which are located within the XPA–
PBM sequence, are associated with an improved repair
of benzo(a)pyrene-induced DNA lesions [45]. In addition, another study reported that PARP1 deficiency
renders cells more sensitive to benzo(a)pyrene treatment
[46]. Therefore, it will be interesting to determine
whether the XPA–PAR interaction is altered by the
introduction of the two polymorphisms noted above.
Interestingly, both polymorphisms had minimal or no
effect on the repair of UV-induced DNA damage [47],
suggesting that PARylation controls XPA and NER in
a lesion-specific manner, and therefore may represent an
important mechanism to fine-tune the repair of different
NER substrates. Moreover, PARP1 has a well-documented role in other DNA repair mechanisms, such as
base excision and DNA single-strand break repair, as
well as DNA double-strand break repair. This raises the
hypothesis that PARylation orchestrates the interplay,
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dynamics, and ranking of priority of the different DNA
repair pathways to repair the different types of heterogeneous DNA damage lesions that are localized in close
proximity to each other in the genome. During these
processes, a tight spatio-temporal regulation of the
production and degradation of PAR would be of central
importance. Therefore, in addition to studying activation of PARPs and the occurrence of PAR at the site of
the damage, it will be necessary to address the role of
the PAR degrading enzyme PARG in more detail. Interestingly, a similar reciprocal regulation has been shown
for PARP1 and the DNA glycosylases Ogg1 and Neil1.
Both proteins physically interact with PARP1, which
leads to the stimulation of PARylation activity, whereas
activated PARP1 inhibits the incision activities of Ogg1
and Neil1 [48,49].
In conclusion, the present study reveals that PARylation supports cellular NER efficacy and suggests that
this is at least in part mediated by a reciprocal regulation of XPA and PARP1 functions. Therefore, our
results, when considered together with previous studies
reporting a role for PARylation in the control of other
NER factors, such as the UV–DDB complex and XPC,
support a scenario in which PARylation acts as an
important fine-tuning mechanism in the spatio-temporal
control of protein function and localization during cellular NER. It will be worthwhile to investigate exactly
how PARylation influences the interplay of the various
NER factors at specific sites of DNA damage and to
determine whether PARylation is a regulatory factor for
coordinating the repair of multiple DNA lesions in close
proximity by different DNA repair mechanisms.

Materials and methods
Cell culture
HeLaS3 cells were cultured in DMEM (41966; Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine
serum (Biochrom Ltd., Cambridge, UK), 100 UmL1
penicillin and 100 lgmL1 streptomycin (Gibco) and 2 mM
L-Gln (Gibco) in 5% CO2 at 37 °C. U2OS cells were cultured in McCoy’s 5A (modified) medium (26600; Gibco)
supplemented with fetal bovine serum and penicillin and
streptomycin as above. High Five and SF9 insect cells were
grown at 27 °C in TNM-FH medium (Bio&SELL, Feucht,
Germany) supplemented with penicillin and streptomycin,
as indicated above.

Recombinant proteins
Tag-free PARP1 and His-tagged XPA were overexpressed in
SF9 and High Five cells, respectively, using the baculovirus
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system. PARP1 overexpression and purification was carried
out as described previously [23,50]. For XPA purification,
High Five cells, infected with an XPA expression virus at a
multiplicity of infection of 4 for 72 h, were lysed for 20 min
in XPA lysis buffer (50 mM potassium phosphate buffer, pH
8.0; 100 mM KCl; 0.5% NP-40; 1 mM EDTA; 10% glycerol;
0.5 mM phenylmethanesulfonyl fluoride) followed by sonication for 10 min at 4 °C. The cell lysate was centrifuged for
1 h at 47 000 g and then the supernatant was applied on a
Ni-NTA Superflow column (Novagen, Madison, WI, USA)
that had been equilibrated in XPA purification buffer
(100 mM KCl, 0.01% NP-40, 1 mM EDTA, 10% glycerol,
0.5 mM phenylmethanesulfonyl fluoride). The column was
washed with 1 mM imidazole and recombinant XPA eluted
with purification buffer supplemented with 100 mM imidazole. The protein was dialyzed and stored in 25 mM HepesKOH (pH 7.8), 100 mM KCl, 10% glycerol and 1 mM EDTA
at 80 °C.

In vitro synthesis and HPLC fractionation of PAR
PAR synthesis and HPLC fractionation was performed as
reported by Kiehlbauch et al. [51] with modifications as
described previously [23]. Briefly, 75 nM of recombinant
PARP1 was incubated in a mixture containing 100 mM
Tris-HCl (pH 7.8), 10 mM MgCl2, 1 mM dithiothreitol,
60 lgmL1 histone H1, 180 lgmL1 histone H2a,
50 lgmL1 double-stranded activator oligonucleotide (50 GGAATTCC-30 ) and 1 mM b-NAD+ for 20 min at 37 °C.
The reaction was stopped by adding ice-cold trichloroacetic
acid (TCA) to a final concentration of 10% (w/v). After
precipitation and centrifugation at 9000 g for 10 min at
4 °C, the pellet was washed twice with ice-cold ethanol.
PAR was detached from proteins by incubation in 0.5 M
KOH and 50 mM EDTA for 10 min at 37 °C. After adjustment to pH 7.5, DNA and proteins were digested by
200 lgmL1 DNase I and 100 lgmL1 proteinase K.
PAR was finally purified by phenol–chloroform extraction
and ethanol precipitation. Size-fractionation of PAR was
performed with an Agilent 1100 HPLC system (Agilent
Technologies Inc., Santa Clara, CA, USA) using a semipreparative DNA Pac PA100 column (Dionex Corp.,
Sunnyvale, CA, USA). PAR fractions were eluted using a
multistep NaCl gradient in 25 mM Tris-HCl (pH 9.0), ethanol-precipitated, dissolved in water, with the concentration
determined by measuring A258, and characterized on a
silver-stained sequencing gel (GELCODE Color silver stain;
Pierce Biotechnology, Rockford, IL, USA).

PAR overlay assays
To analyze XPA–PAR interactions, PAR overlay assays
were performed as described previously [24] with some
modifications. Briefly, for overlay assays using recombinant
proteins, i.e., histone H1, BSA and XPA, in amounts as
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indicated, were subjected to 12% SDS/PAGE and transferred by wet blotting onto a nitrocellulose membrane (GE
Healthcare, Little Chalfont, UK). Then, the membrane was
incubated overnight at 4 °C either in TBST (150 mM
NaCl, 10 mM Tris pH 8, 0.05% Tween 20) or in TBST
containing 0.2 lM PAR. The next day, the membrane was
blocked in TBST supplemented with 5% (w/v) skim milk,
incubated in anti-PAR serum (10H, a kind gift from
M. Miwa, Nagahama Institute of Bioscience and Technology, Japan, and T. Sugimura, National Cancer Center
Research Institute, Tokyo, Japan,) or anti-XPA serum
(FL-273; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) solutions, repeatedly washed in TBST, and incubated
for 1 h in goat-anti-mouse-horseradish peroxidase (HRP)
or goat-anti-rabbit-HRP (dilution 1 : 2000; Dako, Glostrup, Denmark) solutions, respectively. Subsequently, blots
were washed and chemiluminescence detected with ECL
Advance (GE Healthcare) using a LAS-4000 chemiluminescence detector (GE Healthcare). For peptide studies, peptides harboring the XPA PAR-binding-site (PBM-wildtype, amino acids 213–237) and its mutant forms [PBMMut1 (K217A, K218A, K221A, K222A) and PBM-Mut2
(R227A, R228A, R231A)] were custom-synthesized (GenScript Corporation, Piscataway, NJ, USA). Peptides were
dissolved in 10% acetic acid, 15 pmol were immobilized on
a nitrocellulose membrane via slot blotting, and membranes
were air dried for 1 h. Testing for PAR-binding ability was
performed as described for proteins. To ensure that equal
amounts of peptides were loaded, SYPRO Ruby protein
staining (Molecular Probes, Carlsbad, CA, USA) was performed in accordance with the manufacturer’s instructions.

PARP activity measurements
PARP1 activity was determined using a slot blot assay as
described previously with some modifications [50]. Briefly,
5 nM PARP1 was pre-incubated with or without XPA, H1
or BSA (20, 50 or 500 nM) in reaction buffer [100 mM
Tris-HCl, pH 7.8, 10 mM MgCl2, 1 mM dithiothreitol,
25 lgmL1 double-stranded activator oligonucleotide (50 GGAATTCC-30 )] for 15 min on ice. The reaction was
started by adding 200 lM NAD+ and carried out for 30 s
at 30 °C. The reaction was stopped by adding TCA to a
final concentration of 10% (w/v) and then samples were
vacuum-aspirated onto a nylon membrane (GE Healthcare). PAR was immobilized by incubating the membrane
for 1.5 h at 95 °C. The membrane was blocked for 1 h in
TBST supplemented with 5% (w/v) skim milk, incubated
for 1 h in anti-PAR serum solution (10H), repeatedly
washed, incubated for 1 h in secondary antibody goat-antimouse-HRP solution (dilution 1 : 2000), washed again and
chemiluminescence was analyzed. Densitometric quantification of the PAR signal was performed using IMAGEJ (NIH,
Bethesda, MD, USA). Analysis of PARP1 activity via western blotting was performed based on the protocol used for
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activity measurements via slot-blotting with some modifications: reactions were carried out in the presence of 100 nM
PARP1 and 200 nM XPA, 150 nM H1 or 100 nM BSA after
the addition of 1 mM NAD+ for 15 min. Reactions were
stopped by adding TCA to a final concentration of 10%
(w/v). Samples were subjected to 8% SDS/PAGE and
proteins were transferred by wet blotting onto a nitrocellulose membrane and PAR and XPA (FL-273; Santa Cruz
Biotechnology) were detected by immunochemical staining
as described above.

EMSA
To analyze XPA–DNA interactions, a loop-containing
oligonucleotide was used as a XPA binding substrate as
described previously [52] with modifications. Briefly, recombinant XPA was pre-incubated for 30 min with PAR (of
defined chain length and concentration as indicated) in
EMSA binding buffer (25 mM Hepes-KOH, pH 8.3; 30 mM
KCl; 0.4 mM MgCl2; 1 mM EDTA; 10% glycerol;
45 lgmL1 BSA; 0.9 mM dithiothreitol) before adding
20 nM of the biotinylated duplex oligonucleotide. Samples
were incubated for 30 min and then subjected to Tris/
borate/EDTA-PAGE for separation of free and XPA-bound
DNA. The gel was semidry blotted onto a nylon membrane,
DNA was immobilized by incubating the membrane for
1.5 h at 95 °C. Unspecific binding sites were blocked by
incubating the membrane in TBST supplemented with 5%
(w/v) skim milk. Then, the membrane was washed three
times in TBST, incubated in streptavidin-HRP (dilution
1 : 2500; GE Healthcare), washed again and chemiluminescence was analyzed. Quantitative analysis of the band shift
was performed using IMAGEJ. Relative band shift was calculated by dividing the XPA-bound-DNA signal intensity by
the overall signal intensity of the whole lane followed by
normalization to control samples with XPA/DNA only.

Host cell reactivation assay
The host cell reactivation assay was performed as described
previously [53]. The functional restoration of an UV-C-irradiated plasmid was measured to quantify NER capacity. In
brief, cultures of subconfluent human foreskin fibroblasts
(cultured in DMEM supplemented with 10% fetal bovine
serum and 50 lgmL1 gentamycin) were pre-incubated
without or with ABT888 in concentrations as indicated for
30 min. Then, cells were harvested by trypsination and cell
suspensions were divided into two aliquots. The first aliquot
was transfected with a plasmid mix containing 3 lg of pEGFP plasmid and 15 lg of pDsRed (preparation ‘1’). The second aliquot was transfected with both plasmids in amounts
as indicated above, although the pDsRed plasmid had been
irradiated with 5000 Jm2 UV-C (1800 Stratalinker UV
Crosslinker; Stratagene, La Jolla, CA, USA) beforehand
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(preparation ‘2’). Transfections were carried out with 4-mm
gap cuvettes at 0.32 kV and 500 lF with a GenePulser II
(Bio-Rad, Hercules, CA, USA). After electroporation,
fibroblasts were immediately seeded in six-well plates with
or without ABT888. Twenty-four hours after tranfection,
cells were harvested and fluorescence signals analyzed
by flow cytometry (FACSCalibur; Becton-Dickinson Biosciences, Franklin Lakes, NJ, USA). Repair capacity was
calculated from the relative amounts of red fluorescent cells
compared to green fluorescent cells between preparation ‘2’
and preparation ‘1’ for each treatment. The results were
then normalized to the untreated control.

6-4PP repair kinetics
HeLa S3 cells were irradiated using a UV germicidal lamp
with a peak wavelength of 254 nm (10 J m2). Cells were
incubated for time periods as indicated at 37 °C in DMEM
in the presence or absence of PJ34, before harvesting of cells
by trypsination. Genomic DNA was extracted using the
High Pure PCR Template Preparation Kit (Roche, Basel,
Switzerland) in accordance with the manufacturer’s instructions. For slot-blotting, 750 ng of DNA dissolved in 150 lL
of TE buffer was incubated for 10 min at 95 °C on a thermomixer at 550 r.p.m. Subsequently, tubes were placed on
ice for 15 min and 150 lL of ice-cold 2 M sodium acetate
was added and tubes inverted six times. One-third of each
reaction was pipetted into a slot of the slot blot manifold and
samples were vacuum-aspirated onto a nylon membrane.
The membrane was incubated for 1 h at 95 °C and subsequently unspecific binding sites were blocked by incubating
the membrane in TBST supplemented with 5% (w/v) skim
milk for 1 h at room temperature. Membranes were incubated in an anti-6-4PP antibody solution (dilution 1 : 4000;
Cosmo Bio, CAC-NM-DND-002, Tokyo, Japan) for 1 h at
room temperature, washed three times with TBST for 5 min
at room temperature and incubated with goat-anti-mouseHRP (dilution 1 : 2000) for chemiluminescence detection.

Recruitment studies
U2OS cells were seeded on l-dishes (ibidi, Martinsried, Germany) 1 day before transfection of the XPA-GFP expression plasmid (pEGFP-N1::His-XPA) using Effectene
Transfection Reagent (Qiagen, Valancia, CA, USA) in
accordance with the manufacturer’s instructions. On the
day of irradiation, the medium was replaced with phenolred free complete medium (DMEM, 31053l; Gibco) and
incubated for 1 h at 37 °C and 5% CO2. For PARP inhibition, cells were incubated 30 min prior laser irradiation with
10 lM ABT888 (Selleck Chemicals, Houston, TX, USA).
Nonlinear excitation was carried out with ultrashort pulses
at a wavelength of 775 nm, which was generated via frequency doubling the output of a mode-locked erbium-doped
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fiber laser in a periodically poled MgO:LiNbO3 nonlinearoptical crystal. The laser system was coupled to a confocal
microscope (LSM 700; Carl Zeiss, Oberkochen, Germany)
and irradiation took place with a pulsed duration time of
300 fs at a repetition rate of 40 MHz. The peak power density in the focus was 72 GWcm2 (average power: 10 mW).
This procedure resulted in multiphoton absorption in the
confocal volume, thereby mimicking light of shorter wavelength. In particular, three photons with an energy corresponding to infrared light at a wavelength of 775 nm were
absorbed at the same time, effectively summing up to a photon energy analogous to a wavelength of 258 nm, which is
in the UV-C spectral range. Within the nuclei of GFP-positive cells a 6 lm long line was irradiated for a total time of
3.73 s using an external scanner (Rapp OptoElectronics
GmbH, Hamburg, Gemany). As described previously, irradiation at 775 nm results in different types of DNA
damage, including DNA photoproducts, such as 6-4PP and
CPD [29]. A Zeiss EC-Plan-Neofluar 409/1.3 oil immersion
objective was used for near IR irradiation and laser scanning microscopy. Excitation of eGFP and subsequent scanning was carried out using a 488 nm diode laser at open
pinhole settings. Automated recording of recruitment kinetics was facilitated using a custom macro for ZEN software
supplied by the Life Imaging Center (LIC, University of
Freiburg, German). To confirm the performance of the
ultrafast laser system and the efficacy of the ABT888 treatment, XRCC1-GFP accumulation was analyzed as a control
for each XPA-GFP recruitment experiment. Data analysis
was performed using IMAGEJ (http://www.bioimagingcenter.uni-konstanz.de/image-analysis/imagej-user-macros/).
For each time point before and after laser irradiation, background corrected signal intensity was divided by the total
fluorescence intensity of the GFP signal in the nucleus
deducting the background. Thereafter, data were normalized to the time point before irradiation and the relative
changes in fluorescence intensity were calculated.

Immunochemical staining for PAR and PARP1
fluorescence microscopy
After laser irradiation, cells were fixed in 4% PFA/NaCl/Pi
(Merck, Darmstadt, Germany) for 20 min at room temperature. l-dishes were washed with NaCl/Pi, and incubated
with 50 mM NH4Cl/NaCl/Pi for 10 min (PAR) or 100 mM
glycine for 1 min (PARP1) at room temperature. Cells were
washed twice in NaCl/Pi, permeabilized in 0.5% Triton
X-100/NaCl/Pi, again washed twice in NaCl/Pi, and then
incubated in blocking solution (1% BSA in NaCl/Pi) for
30 min (PAR) or 1 h (PARP1) at room temperature.
Thereafter, cells were incubated with primary antibodies
specific for PAR (mAb 10H) or PARP1 (mAb FI23) for
1 h at 37 °C, subsequently washed three times in NaCl/Pi,
incubated with secondary antibody gam Alexa546 (Molecular Probes) at 37 °C for 1 h, and again washed three times
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in NaCl/Pi. Finally, DNA was counterstained with Hoechst33342 (Invitrogen, Carlsbad, CA, USA) for 5 min at
room temperature and samples analyzed using an epifluorescence microscope (Carl Zeiss).

Sequence alignments and homology searches
Peptide sequence alignments were performed with GENEIOUS
software (Biomatters Ltd, Auckland, New Zealand) using
the Geneious Alignment option with the cost matrix Blosum62. In silico searches for PBMs were performed using
the PattInProt motif search tool (http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page=npsa_pattinprot.html) with
the algorithm [HKR]-X-[AVILFWP]-[AVILFWP]-[HKR][HKR]-[AVILFWP]-[AVILFWP] allowing two mismatches,
modified from Pleschke et al. [22,24].

Statistical analysis
Statistical analyses were performed with GRAPHPAD PRISM
software using appropriate statistical tests as indicated.
P < 0.05 was considered statistically significant.
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