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ABSTRACT

Upon DNA damage induction, DNA-dependent
poly(ADP-ribose) polymerases (PARPs) synthesize
an anionic poly(ADP-ribose) (pADPr) scaffold to
which several proteins bind with the subsequent
formation of pADPr-associated multiprotein com-
plexes. We have used a combination of affinity-
purification methods and proteomics approaches
to isolate these complexes and assess protein
dynamics with respect to pADPr metabolism. As a
first approach, we developed a substrate trapping
strategy by which we demonstrate that a catalytic-
ally inactive Poly(ADP-ribose) glycohydrolase
(PARG) mutant can act as a physiologically selective
bait for the isolation of specific pADPr-binding
proteins through its macrodomain-like domain. In
addition to antibody-mediated affinity-purification
methods, we used a pADPr macrodomain affinity
resin to recover pADPr-binding proteins and their
complexes. Second, we designed a time course ex-
periment to explore the changes in the composition
of pADPr-containing multiprotein complexes in
response to alkylating DNA damage-mediated
PARP activation. Spectral count clustering based
on GeLC-MS/MS analysis was complemented with
further analyses using high precision quantitative
proteomics through isobaric tag for relative and
absolute quantitation (iTRAQ)- and Stable isotope
labeling by amino acids in cell culture (SILAC)-
based proteomics. Here, we present a valuable

resource in the interpretation of systems biology
of the DNA damage response network in the
context of poly(ADP-ribosyl)ation and provide a
basis for subsequent investigations of pADPr-
binding protein candidates.

INTRODUCTION

Poly(ADP-ribose) (pADPr) turnover is an important
process involved in the transient response to DNA
damage. The synthesis of pADPr that results from the
activation of DNA-dependent poly(ADP-ribose) polymer-
ases (PARPs) is one of the earliest step of DNA damage
recognition and signaling in mammalian cells (1). During
the response elicited by DNA damage, the addition of
pADPr to chromatin-related proteins is associated with
chromatin decondensation and dynamic nucleosome
remodeling that tends to increase the accessibility of
repair factors to DNA lesions (2). Numerous molecules
are recruited at DNA- damage sites in a pADPr-
dependent manner. Therefore, pADPr itself appears to
be a signaling and scaffold molecule involved in the
assembly of multi-subunit DNA repair complexes (3). In
addition to covalent attachment of pADPr to target
proteins, specific non-covalent pADPr interaction motifs
have been characterized. Three major protein interaction
modules were identified on the basis of their high affinity
for pADPr: the macro domain (4), the poly(ADP-ribose)-
binding zinc finger module (PBZ) (5) and the WWE
domain (defined by the conserved residues tryptophan
(WW) and glutamic acid (E)) that mediates protein–
protein interactions in ubiquitin and ADP-ribose conjuga-
tion systems (6–8).
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Besides domain-mediated interaction, several proteins
are known to interact with pADPr through a gener-
ally short hydrophobic and basic region (9–11). This
poly(ADP-ribose)-binding motif is widespread and fre-
quently found in the DNA-binding domains of chromatin
regulatory proteins and DNA repair factors. Collectively,
pADPr-binding proteins generate a DNA repair network
of protein factors through physical interactions with
pADPr. In this view, pADPr behaves as a coordinator
in the cellular response to genotoxic insults.

The macro domain has been the object of the first struc-
tural investigations on ADP-ribose recognition (12–13).
A macroprotein was also used as a bait to define the
ADP-ribosyl proteome, a method that proved to be effect-
ive although very limited gains in new protein identifica-
tions were achieved (14). A recent study from Slade and
colleagues revealed that Poly(ADP-ribose) glycohydrolase
(PARG) catalytic domain is a distant member of the ubi-
quitous ADP-ribose-binding macrodomain family (15).
PARG is the main enzyme involved in the degradation
of pADPr. Therefore, we reasoned that a catalytically
inactive PARG mutant that forms stable interactions
with pADPr, would also allow subsequent purification
of poly(ADP-ribosyl)ated proteins and pADPr-containing
protein complexes. A mass spectrometry (MS)-based sub-
strate trapping strategy could further extent the proteome
coverage achieved with antibody-mediated affinity-purifi-
cation procedures. As part of this approach, we also
revisited the strategy that couples affinity purification by
an ADP-ribose-binding macrodomain (AF1521) with MS.

Over the past few years, our work, and that of many
other labs exposed the fact that pADPr engages in highly
specific non-covalent interactions with proteins (16–18).
Strong binding to pADPr has the potential to act as a
loading platform for a variety of proteins involved in
DNA/RNA metabolism (19). Although pADPr-binding
studies reflect the existence of strong molecular inter-
actions with pADPr, it still remains a challenge to
identify and quantify transient protein interaction with
pADPr. The fast and transient dynamics of pADPr
makes it an extremely challenging task. The use of DNA
damaging agents that cause a broad spectrum of DNA
lesions are useful tools to assess the modulation of the
poly(ADP-ribosyl)ation reaction and the subsequent acti-
vation of DNA damage sensing enzymes.

N-methyl-N-nitro-N-nitrosoguanidine (MNNG) has
been used for decades as an effective agent to induce
massive pADPr synthesis through PARP-1 activation. In
addition to inducing damage to the DNA bases, MNNG
is an alkylating agent known to produce both DNA
single-strand breaks (SSBs), as well as double-strand
breaks (DSBs) (20,21). The exposure of cells to
MNNG results in an almost immediate poly(ADP-
ribosyl)ation of target proteins but little is known
on their time course profiles, as well as their persistence
in pADPr-containing protein complexes. As a first
approach in this study, we used complementary
proteome-mining methods that cover a large part of the
accessible pADPr proteome. Using antibody-mediated
and substrate trapping strategies to isolate pADPr-
containing protein complexes, we present an overall

picture of the pADPr proteome. Second, we focused on
the highly dynamic composition of pADPr-containing
protein complexes following an alkylation-induced DNA
damage to provide insights into the functional processes
modulated by poly(ADP-ribosyl)ation. The dynamic
assembly of pADPr-containing protein complexes was
revealed by the use of quantitative MS. Strategies for
quantitative proteomic profiling included both in vitro
and in vivo labeling approaches, as well as label-free quan-
titation. These proteome-wide approaches were coupled to
pADPr affinity purification and complementary datasets
were integrated and modeled for a more thorough insight
into pADPr-binding protein dynamics. Here, we present
the first quantitative proteomics investigation of the
pADPr-associated proteome modulation in the context
of DNA damage and PARP activation.

MATERIALS AND METHODS

Cell culture, vector construct and transfections

Human embryonic kidney 293 cells (HEK 293) and
human cervical carcinoma cells (HeLa) were cultured
(air/CO2, 19:1, 37�C) in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Hyclone-ThermoFisher Scientific, Ottawa,
Canada). Penicillin (100 U/ml) and streptomycin
(100mg/ml) (Wisent, St-Bruno, Canada) were added to
the culture media. Alkylating DNA damage was
introduced using freshly prepared 100 mM MNNG for
5min. Cells were washed twice with PBS before cell lysis
or allowed to recover from the genotoxic insult for 1 or 2 h
by replacing the growth medium with supplemented
DMEM.
A human GFP-PARG-DEAD vector was modified

by oligonucleotide-directed mutagenesis of the GFP-
hPARG-110 (pEGFP-C1 expression vector, Clontech)
previously described in Ref. (22). Mutagenic primers
were made following the guidelines in the QuikChange�

site-directed mutagenesis kit (Stratagene). A mutation was
introduced at amino acid position 756 which completely
abolishes PARG catalytic activity (E756D) as reported
(23). Transfections were carried out with Effectene
(Qiagen), as recommended by the manufacturer and cells
were harvested 24 h post-transfection.

Immunoprecipitation of pADPr-containing protein
complexes

HEK 293 and HeLa cells were seeded onto 150-mm cell
culture dishes and grown up to 80–90% confluency
(�15–20 millions cells/dish). Experiments were performed
with cell extracts from three dishes per condition. Control
cells were pre-incubated for 2 h with 5 mM PARP-1 inhibi-
tor ABT-888 to maintain basal levels of pADPr, whereas a
fast activation of PARP-1 resulting in a substantial
increase in intracellular levels of pADPr was performed
by incubating the cells with freshly prepared 100 mM
MNNG for 5min. All further steps were performed on
ice or at 4�C. Two PBS washes were carried out prior to
protein extraction with 2ml/plate of lysis buffer [40 mM
HEPES pH 7.5, 120mM NaCl, 0.3% CHAPS, 1mM
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EDTA, 1X CompleteTM protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN, USA)
and 1 mM PARG inhibitor ADP-HPD (adenosine
50-diphosphate (hydroxymethyl) pyrrolidinediol) (EMD
Chemicals, Gibbstown, NJ, USA)]. The whole cell
lysates were pooled and placed on ice for 15min and
gently mixed for another 15–20min on a rotating device
for complete lysis. After homogenization, insoluble
material was removed from the homogenate by
centrifuging at 3000g for 5min. Immunoprecipitation
(IP) experiments were performed using magnetic
DynabeadsTM covalently coupled to Protein G
(Invitrogen, Burlington, Canada). The DynabeadsTM

(125ml/condition) were washed twice with 1ml of 0.1M
sodium acetate buffer, pH 5.0 and coated with 12.5mg of
mouse monoclonal anti-pADPr antibody clone 10H
(Tulip Biolabs, West Point, PA, USA), anti-GFP (Roche
Applied Science, Indianapolis, IN, USA) or equivalent
amount of normal mouse IgGs (Calbiochem-EMD
Biosciences, San Diego, CA, USA). The antibody-coupled
DynabeadsTM were incubated for 1 h with 1ml of PBS
containing 1% (w/v) bovine serum albumin (BSA)
(Sigma-Aldrich, Oakville, Canada) to block non-specific
antibody-binding sites. The beads were finally washed
three times with 1ml of lysis buffer and added to the
pre-cleared pADPr-protein extract for a 2-h incubation
with gentle mixing on a rotating device. Samples were
washed five times with 10ml of lysis buffer for 5min.
Protein complexes were eluted using 250 ml of 3X
Laemmli sample buffer containing 5% b-mercaptoethanol
and heated at 65�C for 5min in a water bath. Proteins
were resolved using 4–12% CriterionTM XT Bis–Tris
gradient gel (Bio-Rad) and stained with Sypro Ruby
(Bio-Rad) according to the manufacturer’s instructions.
Images were acquired using the Geliance CCD-based
bioimaging system (PerkinElmer).

Isolation of pADPr-containing complexes using
macrodomain pADPr affinity resin

pADPr-containing protein complexes were isolated with
purified GST-Af1521 macrodomain fusion protein con-
struct bound to glutathione beads (Tulip Biolabs, West
Point, PA, USA). Macrodomain pADPr affinity resin
was used essentially as described for IPs except that
antibody-coupled magnetic beads are replaced with
macrodomain affinity resin suspension (5 ml of the suspen-
sion/�1ml of protein extract).

Estimation of pADPr levels after exposure to MNNG

The dynamics of pADPr was evaluated by a relative quan-
titation of pADPr levels in cells after exposure to MNNG
(5min) and following a recovery period (1 and 2 h).
Control and MNNG-treated HEK 293 cells were
washed with ice-cold PBS and fixed with a 4% formalde-
hyde solution in PBS for 15min. Five PBS washes were
performed before membrane permeabilization with a
0.5% Triton X-100 solution in PBS. Cells were washed
three times with PBS and incubated for 90min at room
temperature with anti-pADPr monoclonal antibody clone
10H (Tulip BioLabs, West Point, PA, USA) diluted 1:1000

in PBS containing 2% FBS. PBS washes were performed
before incubating cells with an AlexaFluor-488 anti-
mouse secondary antibody (Invitrogen). Cells were
washed with PBS and counterstained with Hoechst
33342. Fluoromount-G mounting media (Southern
Biotechn, Birmingham, AL, USA) was used to prepare
microscope slides. Immunofluorescence images were
acquired on a Zeiss LSM510 META NLO laser
scanning confocal microscope. Zen 2009 software
version 5.5 SP1 (Zeiss) was used for image acquisitions
and fluorescence intensity measurements. In total, 300
cell nuclei were analyzed from three independent experi-
ments for each experimental condition (100 nuclei/condi-
tion). Relative fluorescence intensity was expressed in
arbitrary units (AU) and the data are represented as
mean±standard error of mean (SEM).

The recovery of pADPr in IP extracts was also
determined at the same time-points following MNNG
exposure. Aliquots of IP extracts were hand-spotted on
Amersham Hybond-N+ positively charged nylon
membrane (GE Healthcare) and probed with anti-
pADPr antibody clone 96-10. Dihydroxyboronyl
Bio-Rex (DHBB) purified pADPr was used as a refer-
ence for the establishment of a standard curve for quan-
titation (24).

Immunoblotting

Whole cell extracts and immunoprecipitates were
separated on 4–12% Criterion XTTM Bis–Tris gradient
gel (Bio-Rad) and transferred onto 0.45 mm pore size
PVDF membrane (Millipore). After a 1-h incubation
with a PBS–MT blocking solution (PBS containing 5%
non-fat dried milk and 0.1% Tween20), the membrane
was probed overnight with primary antibodies (refer to
Supplementary Methods for detailed information).
Membranes were washed with PBS-MT and species-
specific horseradish peroxidase-conjugated secondary
antibodies were added for 30min. Signals were detected
with Western LightningTM Chemiluminescence Reagent
Plus kit (Perkin Elmer). Semi-quantitative data was
obtained from the scanned films by drawing region of
interest (ROIs) around the bands to be quantified.
Background signal was subtracted from all images.
Signal intensity was expressed as ratios based on density
units from control samples using the GeneTool software
(PerkinElmer). All data were represented as
mean±standard deviation (SD).

GeLC-MS/MS and label-free spectral counting

SDS–PAGE protein lanes corresponding to immunopre-
cipitates and negative non-specific IgG control extracts
were cut into gel slices using a disposable lane picker
(The Gel Company, CA, USA). In-gel protein digest
was performed on a MassPrepTM liquid handling station
(Waters, Mississauga, Canada) according to the manufac-
turer’s specifications and using sequencing-grade modified
trypsin (Promega, Madison, WI, USA). Peptide extracts
were dried out using a SpeedVac and separated by online
reversed-phase nanoscale capillary liquid chromatography
(nanoLC) and analyzed by electrospray MS (ES MS/MS)
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using a LTQ linear ion trap mass spectrometer
(Thermo Electron, San Jose, CA, USA) equipped with a
nanoelectrospray ion source (Thermo Electron, San Jose,
CA, USA). All MS/MS spectra were analyzed using
Mascot (Matrix Science, London, UK; version 2.2.0).
Scaffold (version 03_00_02, Proteome Software Inc.,
Portland, OR, USA) was used to sum the spectral
counts, validate MS/MS-based peptide and protein iden-
tifications and group peptides into proteins (refer to
Supplementary Methods for detailed information).

Semi-quantified proteins by spectral counting analysis
were grouped on the basis of their correlated time course
profiles following treatment with MNNG. We first
normalized every protein spectral counts independently
by first subtracting the mean of the spectral counts and
then dividing the result by the standard deviation
(Z-scores). With this transformation, every protein has a
mean of zero and 1 SD. Using the fpc package (25) in
R statistical environment (http://www.r-project.org/), we
then identified the optimal number of clusters by running
the pamk function (25). Heatmaps corresponding to 5min
MNNG, 1 and 2 h clusters were generated using MeV
software v4.6.1 (http://www.tm4.org/mev/). Functional
classification and ID conversion of identified proteins
were accomplished by using DAVID (http:/www.david.
abcc.ncifcrf.gov).

Isobaric tag for relative and absolute quantitation

For isobaric tag for relative and absolute quantitation
(iTRAQ) labeling, proteins were eluted from the
Dynabeads with 6% SDS. Proteins were precipitated over-
night with 4 volumes of acetone, centrifuged 15min at
10 000g (4�C) and pellets were resuspended in 0.5M
triethyl ammonium bicarbonate (TEAB) containing
0.1% SDS. Samples were then reduced, alkylated,
digested and labeled according to the standard protocol
supplied by the manufacturer (Applied Biosystems
iTRAQTM Reagents—Chemistry Reference Guide, P/N
4351918A). iTRAQ results were generated from the
analysis of four isobaric tags. Control was labeled with
iTRAQ reagent 114. The MNNG samples of 5min, 1 h
and 2 h were, respectively, labeled with iTRAQ reagents
115, 116 and 117. Labeled peptides were lyophilized and
resuspended in 630 ml of Milli-Q water. An aliquot (315ml)
of this solution containing 0.2% carrier ampholytes
(Bio-Lyte 3/10, Bio-Rad) was used to rehydrate an
18-cm immobilized pH gradient gel strip (pH 3–6), and
the other 315 ml containing 0.2% carrier ampholytes
(Ready strip 7–10, Bio-Rad) was used to rehydrate a
second 18-cm immobilized pH gradient gel strip (pH
7–10). Rehydratation was set for 10 h at room temperature
without any voltage applied. Peptides were focused by
applying a voltage of 250V for 15min, then 10 000V for
3 h and finally 10 000V for a total of 60 000V�h.
Immediately after focusing, each strip was cut into 36
segments of 5mm for a total of 72 fractions. Gel pieces
were transferred into a 96-well plate and peptides were
eluted by first incubating the gel pieces for 15min in 2%
acetonitrile, 1% formic acid and then for 15min in 50%
acetonitrile, 1% formic acid. The extracted peptides were

lyophilized using a SpeedVac and resuspended in 25 ml of
0.1% formic acid in water. An aliquot of 5 ml of this
solution was used for LC-MS/MS analysis on an Agilent
1100 nanoLC system coupled to a QSTAR XL equipped
with MDS nano ESI source. Raw data (wiff extension file)
processing, protein identification, protein quantitation and
statistical analyses were undertaken with ProteinPilot
software v.3.0 (AB-Sciex) running the Paragon algorithm
(25) (refer to Supplementary Methods for detailed
information).

Stable isotope labeling by amino acids in cell culture

Incorporation of stable isotopically labeled amino acids in
cell culture (SILAC) was performed essentially as
described in (26,27). Briefly, HEK 293 cells were
cultured in DMEM depleted of arginine and lysine. The
DMEM was supplemented with 10% dialyzed FBS
(Invitrogen, Carlsbad, CA, USA). Penicillin (100 U/ml)
and streptomycin (100mg/ml) (Wisent, Canada) were
added to culture media with Arg and Lys containing
naturally-occurring atoms (referred as the light culture)
or their stable isotope counterparts [13C6 Lys and
13C6

15N4 Arg (Cambridge Isotope Labs, UK), referred
to as the heavy culture]. Cells were grown for at least
five divisions to allow full incorporation of labeled
amino acids. Cells were tested for complete incorporation
of the label. A bicinchoninic acid (BCA) protein assay
(Pierce, Canada) was performed on each cell extract
before the IP experiment to adjust equivalent amounts
of starting material for each condition. The pADPr-
associated protein complexes were immunoprecipitated
and elulates were subjected to SDS–PAGE. The fractions
were analyzed on a LTQ-Orbitrap Velos coupled to an
Agilent 1100 Series nanoflow HPLC instruments using
nanospray ionization sources. Protein identification and
quantitation were done using Proteome Discoverer
(v.1.2, ThermoFisher, Bremen, Germany) and Mascot
(v.2.3, Matrix Science) to search against the human IPI
database (refer to Supplementary Methods for detailed
information).

Data-dependent bioinformatics

Gene ontology enrichment analysis
Gene Ontology (GO) term enrichment was performed
using DAVID bioinformatics resources (http://david.
niaid.nih.gov) (28) to determine whether particular GO
terms occur more frequently than expected by chance in
a given dataset. Default settings for the Biological Process
category were used. The Cytoscape (29) plugin BiNGO
(30) was also used to assess enrichment of GO terms
and to generate diagrams.

Network construction and visualization
The Cytoscape plugins Michigan Molecular Interactions
(MiMI) plugin (31) and BisoGenet (32) that both inte-
grates data from multiple well known protein interaction
databases were used to retrieve molecular interactions and
interaction attributes. Direct protein interactions were dis-
played using Cytoscape (v2.7.0) using the corresponding
official gene symbols. A subnetwork containing the
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physical interactions between proteins involved in the
DNA damage response was extracted from the main
network (refer to Supplementary Methods for detailed
information).

Recruitment of DNA damage response factors to
laser-induced DNA damage sites

The recruitment kinetics of DNA damage response factors
was assessed essentially as described (33) with the follow-
ing modifications. After overnight transfections with
Effectene reagent (Qiagen), HEK 293 cells expressing
GFP fusion proteins were incubated with fresh medium
containing 1 mg/ml of Hoechst 33342 for 30min at 37�C.
To study the pADPr-dependent recruitment of proteins at
DNA damage sites, cells were incubated with 5 mM of
PARP inhibitor ABT-888 for 2 h prior to micro irradi-
ation and recruitment analysis. A 37�C pre-heated stage
with 5% CO2 perfusion was used for the time-lapse on a
Zeiss LSM-510 META NLO laser-scanning confocal
microscope (40X objective). Localized DNA damage was
generated along a defined region across the nucleus of a
single living cell by using a bi-photonic excitation of the
Hoechst 33342 dye, generated with a near-infrared 750-nm
titanium:sapphire laser line (Chameleon Ultra, Coherent
Inc.) The laser output was set to 3% with 10 iterations,
except for PARP-1 and XRCC1 which were adjusted to
2% to avoid signal saturation. A Multi-Time macro de-
veloped in-house for AIM software v3.2 (Zeiss) was used
for image acquisition. Background and photobleaching
corrections were applied to each datasets as described
(34). A minimum of eight recruitments per construct
were collected and analyzed. Mean recruitment curves
were plotted with Kaleidagraph v4.03.

RESULTS

Isolation of pADPr-containing protein complexes

Before focusing on pADPr dynamics, we first conducted a
large-scale proteome analysis using nanocapillary liquid
chromatography-tandem MS (GeLC-MS/MS) to explore
the protein composition of pADPr-associated protein
complexes at the peak of pADPr accumulation in cells
following MNNG exposure (MNNG 5min). To validate
and generalize our findings in HEK 293 cell extracts,
pADPr IPs were additionally performed in HeLa whole
cell extracts under the same experimental conditions. A
schematic workflow of the study is illustrated in
Figure 1. High-throughput protein–pADPr interactions
have remained largely inaccessible owing to the transient
nature of poly(ADP-ribosyl)ation. In a previous study
(11), we reported that mouse monoclonal antibodies
against pADPr, such as clone 10H, can efficiently pull
down pADPr in poly(ADP-ribose) glycohydrolase
(PARG) knocked-down cells. For the present study, we
empirically optimized a low-salt lysis strategy that is both
effective in extracting pADPr-binding proteins while
preserving non-covalent interactions. Using slightly
alkaline pH, low ionic strength, a zwitterionic detergent
(CHAPS) and a potent PARG inhibitor, we were able to
extract and preserve high amounts of pADPr over time.

A limitation associated with the use of 10H antibody is
the low affinity for short pADPr molecules (less than 20
ADP-ribose residues) (35). However, long and complex
(branched) polymers, which are formed following DNA
damage induction, are well recognized by 10H antibodies.
A complementary tool for the isolation of pADPr-
containing complexes was also developed based on the
use of a catalytically inactive GFP-PARG (PARG-
DEAD) isoform. PARG shares structural similarity to
the conserved and widespread family of ADP-
ribose-binding macrodomain modules (15,36). In this
view, our second approach can be considered as an affin-
ity-purification technique similar to IP, except that a cata-
lytically inactive macrodomain-like containing bait was
used to pull down proteins trapped into pADPr-
containing complexes. A macrodomain pADPr affinity
resin, which consists of purified GST-Af1521 macro-
domain (37) fusion protein bound to glutathione beads,
was also used as a bait to capture pADPr-associated
protein complexes. Addressing pADPr binding requires
a systematic approach that can benefit from various
alternatives.

Globally, we report the high-confidence identification of
609 proteins (33 621 MS/MS spectra, 2.7% peptide false
discovery rate; a minimum of two unique peptides,
Supplementary Table S1), which several of these are
actually associated with the regulation of DNA repair
and chromatin remodeling. The 10H and PARG-DEAD
datasets share striking similarities but also express differ-
ences as PARG-DEAD datasets also include specific
PARG-interacting proteins in addition to pADPr-
associated proteins (Figure 2A). One important difference
between the pADPr-associated protein datasets coming
from antibody (10H) and PARG-DEAD approaches is
the bias toward different cellular compartments. When a
PARG-DEAD mutant is used as a substrate trapping bait
to co-purify pADPr-binding proteins, the protein dataset
is significantly enriched in nuclear proteins, whereas an
antibody-mediated approach targets more mitochondrial
proteins (Figure 2B). The vast majority of proteins
identified with the Af1521 macroprotein pADPr affinity
resin were also identified with the PARG-DEAD dataset,
an observation consistent with the fact that PARG and
Af1521 are both members of the ADP-ribose-binding
macrodomain family. The macrodomain pADPr affinity
resin protein dataset is exclusively composed of nuclear
proteins that are coherent with its functions in nucleosome
stability and regulation. Globally, a PARG-DEAD ligand
binds a wider range of proteins and thus, represents a
valuable tool for the isolation of pADPr-containing
complexes. Furthermore, in this approach, the bait is
expressed in vivo in mammalian cells, a feature that
more accurately reflects physiological conditions.

Figure 2C graphically represents the peptide coverage of
all the proteins identified at the peak of pADPr accumu-
lation. Proteins are plotted according to the number of
unique peptides assigned to each proteins (Supplementary
Table S1). There is a correlation between protein abun-
dance and the number of unique peptides identified for
that protein. Generally, proteins anticipated as being in
high abundance, such as PARP-1 in pADPr IP extracts,
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are typically identified by the largest number of unique
peptides. Proteins assigned with the fewest number of
unique peptides are of low abundance. The fact that
several DNA damage response (DDR) regulators scored
prominently in either 10H-, PARG-DEAD- and
macrodomain-based protein datasets support the biolo-
gical relevance of both our overall screening strategy
and the identification of additional top-scoring hits.
Although a peptide count approach is not inherently
quantitative, it provides rough estimates of protein abun-
dance that are, in our experience, estimated fairly accur-
ately as most of the pADPr-binding proteins known so far
are among the proteins with the best peptide coverage.
Selected nucleic acids binding proteins are displayed ac-
cording to their estimated relative abundance (Figure 2C).
In addition to PARP-1, the GeLC-MS/MS dataset also
contains other PARP family members (PARP-2,
PARP-9, PARP-12 and PARP-13) and numerous
proteins involved in the maintenance of genome integrity.
Most of the pADPr-binding proteins previously reported
in other studies were identified using our affinity-
purification procedures, including XRCC1 (9), LIG3 (9),
KU70 (9), DNA-PK (9), CHD4 (38), CHD1L (ALC1)
(39,40), DEK (41), NUMA (42), MVP (43), BUB3 (44),
DNA-PK (45), DNMT1 (46), SUPT16H (47), TOP1 (48),
TOP2B (49), hnRNPs (50,51) and histones (52).

High-quality spectra were also used to establish a list of
proteins identified with unique peptides. Protein identifi-
cations were accepted if the corresponding peptide was
assigned in at least two independent experiments (Sup-
plementary Table S1). Examples include the chromo-
domain-helicase-DNA-binding protein 1 (CHD1), DNA
repair protein RAD50 and the mitochondrial apoptosis-
inducing factor (AIF) (53). The presence of RAD50, a
component of the MRE11-RAD50-NBS1 (MRN)
complex, was validated by western blot analysis in
pADPr IP extracts (Figure 4A), an indication of the
data quality.
Being confident that our pADPr isolation method is

worthy and effective for the analysis of a wide range of
pADPr-associated protein complexes, we further
examined the time-dependent accumulation of DNA
repair factors in pADPr pull-down extracts up to 2 h fol-
lowing genotoxic insult.

Time-resolved quantitative proteomics analysis of
pADPr-containing protein complexes

The insights gained by the identification of pADPr-
associated protein complexes and their DNA damage
response pathways can provide valuable clues pointing to
target proteins. A major challenge is to understand the

Figure 1. Schematic representation of the experimental design and proteomics strategies to identify pADPr-associated protein complexes. A com-
bination of affinity-purification procedures coupled with MS was used to generate a global protein profile of pADPr-associated protein complexes
(GeLC-MS/MS—left panel). Proteomics strategies that integrate relative quantitation with affinity-purification MS were used to provide a
time-resolved proteome profile of protein networks responsive to pADPr turnover (right panel). Complementary label-free and label-based quan-
titative proteomics approaches were used to identify and evaluate protein changes occurring in cells following alkylation-induced DNA damage and
PARP activation. 10H IPs: Immunoprecipitations with anti-pADPr antibody clone 10H; PARG-DEAD IPs: IP of catalytically inactive PARG, as
described in the text.
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dynamic behavior of these targets with respect to pADPr.
This requires knowledge of the protein dynamics in
complex molecular signaling systems tethered together
via interactions with heterogeneous pADPr. A mean of
generating quantitative information on protein networks
responsive to DNA damage is to investigate which
network components of these are actually accumulating
in affinity pull-down experiments targeting pADPr.

Western blot analysis of DNA damage recognition and
repair factors in pADPr IP extracts at sequential
time-points following PARP activation
To make further analysis on the pADPr-associated
interactome, we examined the dynamic changes of the
pADPr-associated protein complexes composition by
time course analysis of pADPr proteome changes follow-
ing exposure to MNNG-induced DNA damage. This
approach needed to conciliate two opposite requirements.
Since the half-life of pADPr in cells is estimated to be
<1min, pADPr hydrolysis must be limited in order to

preserve pADPr pools with respect to the time required
by the pull-down assay. On the other hand, a complete
disruption of pADPr turnover is not desirable since it
would block the dynamics of the targeted protein
complexes. To overcome this challenge, the use of a com-
petitive PARG inhibitor (ADP-HPD) (54) appeared to be
very appropriate. In contrast to an RNAi-based specific
knock-down of PARG resulting in sustained cellular
pADPr levels for a prolonged period of time (11), the
use of a PARG inhibitor in cell extracts at the time of
lysis enables the normal modulation of cellular pADPr
levels, whereas stabilizing pADPr in cell extracts
required for efficient pull-down assays. The turnover of
pADPr was estimated by polymer-blot analysis and im-
munofluorescence. Hand-spotted DHBB-purified pADPr
(24) was used as reference to estimate pADPr content in
IP extracts (Figure 3A). We were able to recover more
than 10 pmol of pADPr/106 cells, which represent a
significant fraction of total pADPr formed during
alkylation-induced DNA damage (55,56). Immunostained

Figure 2. Diversity of pADPr-associated proteins as revealed by gel-based LC-MS/MS analysis. Complementary proteomic approaches directed
towards identification of novel proteins that interact with pADPr were integrated to mine the accessible pADPr-binding interactome. IPs were
performed directly against pADPr using a high affinity monoclonal antibody (clone 10H) or indirectly by a novel pADPr substrate trapping
approach targeting a catalytically inactive PARG mutant and a macrodomain protein (see text for details). (A) The area-proportional Venn
diagram shows unique and shared protein identifications in pADPr-associated protein datasets that originate from each strategies.
(B) Area-proportional Venn diagrams depicting the distribution of proteins in subcellular compartments for each datasets. Proteins were classified
into cytoplasmic, nuclear or mitochondrial compartments according to GO classification. (C) Classification of pADPr-associated proteins. Proteins
are ordered relative to the number of unique peptides assigned. The inner frame lists some DNA damage response factors and chromatin-associated
proteins with their corresponding number of unique peptide assignments. Refer to Supplementary Table S1 for detailed protein listing.
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pADPr quantitation indicate that the recovery of pADPr
by IP closely match the turnover of pADPr in living cells
(Figure 3B). Cellular pADPr levels reach a maximum
(30- to 50-fold increase) after 5min of MNNG treatment
and subsequently decrease to basal levels. After a 2-h
recovery period, pADPr is nearly undetectable by western
blot except for PARP-1, which remains significantly
automodified (Figure 4A). In contrast, pADPr shows a
wide distribution at peak levels from the loading well
down to the low molecular weights at the bottom of the
blot. This ADP-ribose polymers’ size distribution of the
products generated by PARPs and PARG interplay are
presumably the consequence of the resolution of free and
protein-bound pADPr from various lengths and branching
frequencies. We therefore hypothesized that pADPr-
containing DNA repair complexes would primarily be
isolated in this fraction. As expected, several DNA repair
factors are trapped in immunoprecipitates corresponding
to MNNG-treated cells, with a predominant enrichment in
the 5min sample that contains the highest levels of pADPr
(Figure 4A). The presence of PARP-1 and its high-
confidence interactors indicates that pADPr-associated
protein complexes are efficiently pulled down. The rela-
tively high level of PARG present in these samples also

validates the presence of poly(ADP-ribose) degrading
enzymes in these fractions.
Semi-quantitative analyses of protein levels were

measured by densitometry scanning of western blots
shown in Figure 4A. Profiles were generated for every
targeted DNA damage response (DDR) factors and
their abundance was correlated to pADPr dynamics
(Figure 4B). The base excision repair (BER) pathway
clearly shows a prominent association with pADPr, espe-
cially as core components of the BER pathway (LIG3 and
XRCC1) are hard to detect in control conditions that cor-
respond to the pull down of pADPr-containing complexes
in the absence of genotoxic insult. This result is consistent
with the preferential interaction of the XRCC1/LIG3
complex with the poly(ADP-ribosyl)ated form of
PARP-1 (57). In contrast, components of the non-
homologous end joining (NHEJ) and HR repair
pathways are more stably associated with
pADPr-containing complexes under basal conditions, a
characteristic that tends to temper the relative accumula-
tion ratios after DNA damage.
As a proof of concept, we identified several DDR

targets by western blot analysis of anti-pADPr immu-
noprecipitates with a global accumulation trend that

Figure 3. pADPr dynamics following MNNG-induced DNA damage and PARP activation. (A) Dot-blot analysis of pADPr levels in pADPr IP
extracts from MNNG-treated HEK 293 cells. Cellular material bound to 10H-coupled magnetic beads was eluted and hand-blotted on positively
charged nylon membrane. pADPr was detected using 96-10 antibody (upper panel). pADPr signals in IP extracts were quantified using
DHBB-purified pADPr as a reference value for quantitation and displayed on a bar graph (lower panel). The data are represented as
the mean±SEM (n=4). (B) The 10H immunofluorescence labeling of pADPr in HEK 293 cells exposed to MNNG (upper panel).
Confocal fluorescent images were obtained by a Zeiss LSM 510 NLO laser scanning confocal microscope. A region was drawn inside of each
nucleus (n=100) to establish the mean fluorescence intensity. Relative pADPr levels were plotted on a bar graph (lower panel) and displayed as the
mean±SEM (n=3).
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correlates to pADPr levels. This observation led us to
further explore the dynamics of pADPr-associated
complexes by quantitative MS.

Quantitative proteomics analysis of complex protein
mixtures in pADPr IP extracts
Quantitative proteomics can reveal changes in protein
abundance that can be indicative of a component that
has affinity for pADPr or likely part of pADPr-modulated
protein complex, including previously undescribed factors.
Several relative and absolute quantitative proteomics tech-
niques have been developed in recent years. Generally,
MS-based quantitation methods fall into two categories:
label-free or label-based approaches (58), each having
specific strengths and limitations (59). Whereas most quan-
titative proteomics studies rely on either strategy, we
undertook a more systematic approach for a thorough
analysis of the pADPr proteome (Figure 1).

Label-free quantitation
The spectral counting method has become an accepted
technique to estimate the relative abundance of proteins
in highly complex samples. Spectral counting is a
large-scale strategy easily applicable to GeLC-MS/MS
protein identification. One of the main advantages of the
method is that it does not require the use of high reso-
lution mass spectrometers such as those required for quan-
titative label-based MS approaches.
Antibody-mediated affinity purification of pADPr-

containing protein complexes was performed in HEK
293 whole cell extracts after exposure and release from

MNNG-induced DNA damage and PARP activation.
Untreated cultures were used as a basis for calculating
protein ratios derived from peptide spectral counts.
A set of 425 proteins was identified (Supplementary
Table S2) from which we extracted 275 proteins that
follow a kinetics pattern that clusters them into one of
the three time-points analyzed after MNNG exposure
(Figure 5A). K-means clustering is one of the most
popular partitioning method. We used a robust version
of K-means clustering based on medoids by using the
pamk function (partitioning around medoids) (25) to
group proteins identified during our screen based on
their time course profiles following exposure to MNNG.
The goal of the algorithm is to segregate each protein
dynamics into the profiles that they most closely
matched. Partitioning around medoids is more robust
than K-means in the presence of noise and outliers, an
interesting feature since pADPr-associated proteins ex-
hibited significant variability over a wide range of ratios.
By clustering proteins with similar accumulation trend, we
were able to obtain a clear snapshot of protein enrichment
in relation with pADPr dynamics (Figure 5A). We
hypothesized that proteins with a distribution pattern
that correlates with pADPr levels are presumably
proteins with close connection with pADPr, whether by
being covalently poly(ADP-ribosyl)ated, non-covalent
pADPr-binders or major components of pADPr-
associated protein complexes.

The top biological processes associated with each
clusters of proteins were identified using DAVID bioinfor-
matics resources (Functional gene classification tool based

Figure 4. Correlated accumulation of DNA damage response factors with pADPr. (A) The 10H-based IPs using HEK 293 whole cell extracts were
performed to isolate pADPr-associated proteins in the context of MNNG-induced DNA damage and PARP activation. Cells were allowed to recover
from MNNG by incubation with fresh medium and IPs were performed at the indicated times. Undamaged control cells were pre-incubated 2 h with
5-mM PARP-1 inhibitor ABT-888 before lysis. Several DNA damage response factors were screened for entrapment in anti-pADPr IP extracts. Cell
lysates (inputs) were also subjected to western blot analysis using the corresponding antibodies. (B) pADPr levels correlate with the accumulation of
several DNA damage response factors involved in major DNA repair pathways. Relative quantitation of western blot signal intensities shown in
(A) were measured and expressed relative to control protein levels. A greyscale heatmap ranks each of the protein accumulation ratios.
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on GO terms)(28). Biological processes were displayed as
P-value bar plots (Figure 5B). The P-values represent the
probability to see a random enrichment in the displayed
biological process. As cells recover from genotoxic stress,
we can observe an evolution of the major biological
processes associated with pADPr turnover. Although
there is an overlap among the processes, the first predom-
inant biological process identified at the peak of pADPr
levels (MNNG 5min) is related to DNA damage response
which is consistent to the rapid activation of PARPs and
pADPr synthesis in response to DNA strand breaks. After
a 1-h recovery period from MNNG exposure, proteins
involved in translationnal processes are highly over-repre-
sentative of the pADPr-associated proteome, whereas
regulatory circuits that control mRNA splicing, stabiliza-
tion and translation are most prominent after 2 h.
Individual protein accumulation trend was displayed in
a heatmap for the three time-points analyzed after
MNNG exposure (Figure 6). Proteins were grouped ac-
cording to their kinetics profile. As we could expect, one
can observe that PARP-1 is closely related to the kinetics
of XRCC1 and LIG3, two stably associated components
of the BER pathway. Similarly, KU80 (XRCC5),
DNA-PK (PRKDC) and the facilitator of chromatin tran-
scription (FACT) complex subunit SSRP1 are grouped
together soon after the induction of DNA damage in the
5-min MNNG cluster. This approach could help to better

focus on pADPr-responsive protein complexes involved in
biological processes that contain numerous components
such as those observed at later time-points following the
induction of DNA damage.

Label-based quantitation: iTRAQ and SILAC analysis
SILAC (60) and iTRAQ (61) are two widely used methods
to quantify protein abundance in tissue cultures. Whereas
SILAC involves metabolic incorporation of isotope mass
tags directly into proteins, iTRAQ chemical labeling is
performed on peptides after lysis and trypsin digestion.
Both SILAC and iTRAQ strategies were coupled to
pADPr affinity-purification for the quantitation of
protein abundance in time-resolved IP extracts following
MNNG-induced DNA damage and PARP activation.
Ratios of protein abundance were estimated based on
datasets from untreated cells that correspond to basal
levels of poly(ADP-ribosyl)ation in the absence of
genotoxicity. As for any quantitative differential
analysis, the most interesting identifications are those
that differ by a substantial amount from the rest of the
data (outliers). Box plots are particularly useful to display
the distribution of a dataset and pinpoint those outliers.
Figure 7 shows the box plot diagrams of iTRAQ and
SILAC experiments. All the outlier values correspond to
important protein accumulation in pADPr IP extracts.
The intensities of the ratios and the number of outliers

Figure 5. Protein abundance profiles in time-resolved pADPr IPs. Spectral counting-based quantitation was combined with Scaffold’s protein
validation tools to provide a quantitative protein profile. pADPr-associated proteins identified by GeLC-MS/MS in IP extracts were grouped by
K-means clustering for each treatment, respectively. (A) The kinetics of protein accumulation is displayed by trend curves showing the overlay of the
proteins grouped by each cluster. The red line represents the mean value at each time-point for all the proteins in the cluster. (B) Protein clusters were
searched for significant over-representation of proteins belonging to specific pathways according to the GO database using DAVID. Bar plots of the
most significant biological processes in each datasets are shown. The significance of the enrichment is expressed as a function of the P-value, which
indicates whether a biological process is significantly higher than random expectations. Refer to Supplementary Table S2 for complete protein listing.
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decrease as we proceed from 5min to 1 h and 2 h post-
MNNG treatment, an observation consistent with the
progressive decrease of pADPr levels. Detailed iTRAQ
and SILAC datasets are listed in Supplementary Table
S3 and S4.
Although they are based on different approaches,

iTRAQ and SILAC analysis reported a similar set of
enriched proteins in pADPr IP extracts. The BER
(XRCC1, LIG3) and the NHEJ (DNA-PK (PRKDC),
XRCC5(KU80), XRCC6(KU70) multiprotein repair
complexes are consistently found with both methods, as
well as the facilitates chromatin transcription (FACT)
complex subunits SSRP1 and SUPT16H. Proteins
forming the nuclear lamina (LMNA, FLNA, TMPO)
are also found with high ratios in consistency with their
relative abundance found in GeLC-MS/MS dataset. Of
particular interest are other factors that follow the same

accumulation trend as did well characterized
pADPr-binding proteins, suggesting a close link with
poly(ADP-ribosyl)ation and chromatin functions.
Proteins with high ratios such as barrier-
to-autointegration factor (BANF1), single-stranded
DNA-binding protein (SSBP1) or the thyroid hormone
receptor-associated protein 3 (THRAP3) have not been
characterized in the context of pADPr metabolism.
However, PARP-1 has been found as a chromatin-
associated partner of BANF1 (62); SSBP1 localizes in
H2AX/PARP-1 complexes (63) and THRAP3 is a compo-
nent of the human mediator complex that functionally
interacts with PARP-1 (64).

Each label-based quantitation method had its own
strengths. For example, only SILAC analysis identified
APLF (Aprataxin and PNK-like factor) as one of
the most enriched protein in 5-min MNNG

Figure 6. Heatmap analysis with K-means clustering. Temporal profiling of pADPr-associated proteins in HEK 293 cells upon MNNG exposure was
performed based on the GeLC-MS/MS spectral count quantitation. The heatmap displays the three clusters identified by the K-means algorithm that
correspond to the time-points analyzed after MNNG exposure. Green indicates the lowest ratio, black indicates an intermediate value and red
indicates the highest ratio (protein enrichment). Proteins in each cluster are listed according to their gene symbol. A red arrow indicates the presence
of PARP-1.
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immunoprecipitates. This is consistent with the fact that
APLF contains a pADPr-binding PBZ motif (5,65,66). In
addition to APLF, centrin-2 (CETN2) and hexokinase-1
(HK1) were identified with high ratios. However, in such
cases, quantitations were based on unique peptides so the
measured ratios must be tempered. Finally, one should
keep in mind that the proteins displayed in iTRAQ and
SILAC box plots (Figure 7) are those with extreme values
with respect to the entire dataset. Proteins with more
modest enrichment ratios that fall within the upper
quartile (75th percentile) still represent interesting
pADPr-associated candidates. For example, the stress
granule-associated PARP-13 was identified in each of
the time-points analyzed by SILAC but only after 2 h of
MNNG exposure did it stand out from the protein
dataset. Another example is NUMA, a poly(ADP-
ribosyl)ated protein only found in the 2-h MNNG
SILAC dataset with the same modest ratio as DNA-PK
(PRKDC), SSBP1 and Mediator of DNA damage check-
point protein 1 (MDC1) (Refer to Supplementary Tables
S3 and S4 for detailed information).

Protein network modeling of pADPr-associated proteins

To gain insight into the dynamics of pADPr-associated
proteins, we mapped a protein interaction network
based on datasets derived from MS analysis. The global
pADPr-responsive proteome modeled on the basis of all
the proteins identified in this study resulted in a network
of 959 proteins (nodes) and 8931 interactions (edges). The
entire network is provided for interactive visualization of
protein interactions in the Cytoscape session file
(Supplementary Material). The network can be easily

loaded and visualized using Cytoscape, which if freely
available for download as an open source bioinformatics
software (www.cytoscape.org). The ClusterOne algorithm
was used to detect clusters of highly connected
multiprotein complexes in the global network with
associated confidence values. A group of 6 clusters with
P< 0.05 were detected and extracted from the global
pADPr proteome. These clusters includes (i) ribosomal
proteins (93 proteins), (ii) polyubiquitin-C substrates
(200 proteins), (iii) mitochondrial proteins (53 proteins),
(iv) mRNA splicing and maturation factors (68 proteins),
(v) components of the nuclear pore complex (24 proteins)
and (vi) a small group of proteins involved in mitotic cell
cycle (7 proteins) (Supplementary Cytoscape session file).
To provide context and a more targeted view of our quan-
titative analysis of the pADPr-responsive proteome, we
isolated a subnetwork of proteins that reflects significant
molecular events linked to DNA damage response and
pADPr metabolism. We extracted the first neighbors
(direct protein–protein interactions) linked to protein
components of the main DDR pathways found in our
proteomics datasets. All the PARPs identified in this
study were extracted in addition to components of the
BER (XRCC1, LIG3), NHEJ (DNA-PK, XRCC5,
XRCC6) and the FACT complex (SUPT16H, SSRP1).
This subnetwork, composed of 164 nodes and 899 edges
highlights the emerging importance of pADPr in the regu-
lation of DDR (Figure 8). The most enriched proteins in
pADPr IPs from GeLC-MS/MS, spectral counting,
iTRAQ and SILAC datasets (top-scoring proteins) were
flagged to underscore their relative abundance. The third
quartile value was selected as the cut-off criteria (cut-off
point for the highest 25% of the observed ratios;

Figure 7. Box plot statistics to define outlier significance for iTRAQ and SILAC analysis. pADPr IPs were carried out after each of the three
time-points examined following MNNG exposure. Protein isolates were quantified with respect to basal levels of pADPr in control IPs. Each box
encloses 50% of the data with the median value of the variable displayed as a line. The top and bottom of the box mark the limits of upper and
lower quartiles. The vertical lines extending from the top and bottom of each box mark the minimum and maximum values within the data set that
fall within an acceptable range (1.5� interquartile distance). Any value outside of this range (outlier) is displayed as an individual point with the
corresponding gene symbol. Refer to Supplementary Table S3 (iTRAQ) and Supplementary Table S4 (SILAC) for detailed protein annotations.

Nucleic Acids Research, 2012, Vol. 40, No. 16 7799

http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
www.cytoscape.org
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks486/DC1


Supplementary Table S5). This complex network structure
represents a part of the DNA damage and repair response
protein interaction map closely related to PARP-1 and
highlights the value of integrating protein interaction in-
formation as it reveals potential pADPr-binding candi-
dates to prioritize for functional follow-up. Interestingly,
almost all the PARP-1 subnetwork (160 out of 164
proteins) connects to polyubiquitin-C (UBC) according
to the interaction databases (Supplementary Cytoscape
session file).

Dynamic recruitment of DNA damage response factors to
sites of DNA damage

Whichever method was used to explore the pADPr
interactome during alkylation-induced genotoxic stress,
components of the BER and NHEJ repair pathways
scored prominently in the quantitative protein profiles.

The consistency of this observation strongly suggests
that pADPr could be an important effector involved in
the regulation of these repair processes. It had already
been recognized that localized pADPr formation facili-
tates the accumulation of DNA repair factors at sites of
broken DNA (67). This is particularly critical for the scaf-
folding protein XRCC1 for which recruitment at DNA
damage sites depends on the presence of pADPr (68–70).
In order to study the dynamic recruitment of DNA repair
factors, we used a combination of Hoechst 33342 incorp-
oration and near-infrared 750-nm two-photon laser
micro-irradiation to induce DNA damage in subnuclear
regions of single cells (Figure 9A). As expected, most of
the DDR factors targeted in this study are recruited at
laser-induced DNA damage sites (Figure 9B). The contri-
bution of pADPr to the recruitment process of DNA
repair factors was evaluated by treating the cells with

Figure 8. Subnetwork diagram of the PARP-1-centered protein interaction map. Cytoscape was used to construct a global network of the
pADPr-associated proteome that integrates protein identification from all the proteomics approaches that have been carried out in this study.
The diagram shown consists of the nearest-neighbors subnetwork of PARP family members in addition to selected proteins from DNA damage
response pathways (See text for details). The subnetwork emphasizes the pADPr-associated protein regulatory network centered around PARP-1 in
cellular recovery to DNA damage. The red coloring indicates top-scoring proteins and refers to predominant proteins in either of the four datasets
(GeLC-MS/MS, Spectral count, iTRAQ, SILAC). Interactions among proteins are reported. The network comprises 164 proteins (nodes) and 899
interactions (edges). Refer to Supplementary Table S5 for complete protein listing.
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the potent PARP inhibitor ABT-888 [reviewed in
Ref. (71)]. We first focused on XRCC1 to validate our
approach since its pADPr-dependent accumulation at
DNA damage sites was clearly demonstrated. Indeed,
XRCC1 recruitment at DNA damage sites is severely
decreased when PARP-1 is inhibited (Figure 9C).
Because XRCC1 acts as a coordinator of BER, we
anticipated that PARP-1 inhibition would lead to a
reduced accumulation of LIG3 and other BER-associated
factors. Although recruited at DNA damages sites with

less intensity than XRCC1, we observed a decreased
relocation of LIG3 when PARP activity is inhibited.
A similar dynamics was observed for the Flap endonucle-
ase 1 (FEN1) which also possesses functions in the BER
system. These results underscore the role of pADPr in
facilitating the recruitment of BER factors and are con-
sistent with the identification of these factors as some of
the most enriched proteins in pADPr IP extracts.
Following the same idea, we anticipated that the recruit-

ment of major components of the NHEJ repair pathway

Figure 9. Dynamics of DNA damage response proteins at laser-induced DNA breaks. DNA damage induced by laser micro-irradiation in sub-
nuclear region of single living cells was performed to evaluate the pADPr-dependent recruitment of DNA repair factors at DNA damage sites.
(A) Schematic representation of the micro-irradiation system used to introduce DNA lesions. (B) Local accumulation of DNA repair factors at
laser-induced DNA damage sites. A 750-nm two-photon laser beam was focused on Hoechst-sensitized cells and the accumulation of GFP-tagged
DNA repair factors was monitored on a Zeiss LSM 510 NLO laser scanning confocal microscope. (C) Evaluation of the contribution of pADPr to
the recruitment kinetics of DNA damage response factors at sites of DNA damage. The dynamics of several GFP-tagged proteins involved in DNA
repair pathways were analyzed in the context of PARP inhibition (ABT-888). The HEK 293 cells transiently expressing the targeted proteins were
sensitized with Hoechst 33342 and micro-irradiated with femtosecond near-infrared (750-nm) pulses from a Ti:sapphire laser. The intensity of
fluorescence was recorded on a Zeiss LSM 510 NLO laser-scanning confocal microscope. The dynamics of DNA repair factors under normal
conditions was compared with the dynamics observed following PARP inhibition with 5 mM ABT-888. Targeted proteins involved in BER (XRCC1,
LIG3, FEN1), NHEJ (KU70, KU80, LIG4, XRCC4, XLF, ARTEMIS) and chromatin remodeling (CHFR, SSRP1) are displayed. Because of the
rapid accumulation of DNA repair proteins at DNA damage sites, multiple acquisition rates were used (see ‘Materials and Methods’ section).
Background and photobleaching corrections were applied to each dataset. A minimum of eight recruitments per construct were collected and
analyzed. The error bars represent the SEM.
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at DNA damage sites would also be influenced by a
decrease in the accumulation of pADPr. We did see a
modest recruitment of each of the targeted NHEJ
factors in the path of the laser track (KU70, KU80,
XRCC4, LIG4, XLF and ARTEMIS) but none of these
showed a significant dependence on pADPr to localize at
DNA damage sites (Figure 9C).
In addition to DNA repair events, extensive chromatin

remodeling andhistonemodifications occur at sites ofDNA
damage. Following this idea, our attention was directed
toward a chromatin remodeling complex consistently
trapped in pADPr IP extracts, namely the FACT complex
SUPT16H/SSRP1 that acts to reorganize nucleosomes.
As a control, we used CHFR, a chromatin remodeling
protein that regulates histone modifications and the
ATM-dependent DNA damage response pathway after
DSBs (72). CHFR possesses a PBZ domain known for its
non-covalent interaction with pADPr. As expected, CHFR
recruitment and retention at DNA damage sites is strongly
decreased in presence of ABT-888, whereas SSRP1 recruit-
ment is unaffected (Figure 9C). In our protein clustering
experiment, we found that SSRP1 accumulation profile
with respect to pADPr closely match those found for
KU80 and DNA-PK (Figure 6, 5-min MNNG cluster).
SSRP1 was also found with high ratio in iTRAQ and
SILAC experiments (Figure 7) along with its stable
partner SUPT16H.Themodest intensity of SSRP1accumu-
lation at DNA damage sites falls within a similar range as
that for the NHEJ factors and this accumulation is also
pADPr-independent.

DISCUSSION

This study represents the first reported proteome-wide
effort to follow protein dynamics in the context of
pADPr modulation after DNA damage. In addition to
the exploration of the pADPr-associated proteome with
antibody-mediated affinity purification, MS-based sub-
strate trapping strategies were used as complementary
approaches to mine the accessible pADPr-associated
proteome. These analyses suggest that the presence of
pADPr in many multiprotein complexes involved in
genome surveillance could be functionally relevant. Yet,
these complexes are not static, but instead are dynamic
assemblies that orchestrate DNA damage signaling and
repair. In the present study, the time-correlated relation-
ship between protein entrapment in pADPr-containing
complexes and pADPr dynamics was further investigated
using a combination of quantitative proteomics tech-
niques. Despite intrinsic differences between spectral
counting, SILAC and iTRAQ methodologies, we iden-
tified several proteins whose abundance was consistently
correlated to pADPr levels.
It has been known for a long time that pADPr levels are

transient and spontaneously resolving after their rapid
degradation by PARG. However, there is an apparent
gap between our understanding of the initial pADPr-
associated molecular events underlying DDR and major
nuclear reorganization, and the profound impact of
pADPr on cell fate. In our study of pADPr dynamics,

we found that several DDR factors are co-eluting with
pADPr, consistent with the accumulation of DNA repair
factors near the damage site and the current model where
pADPr is viewed as a loading platform for the repair ma-
chinery (3,19). The recent identification of chromatin-
associated proteins whose recruitment to DNA damage
sites is pADPr-dependent [e.g.: CHD4 (38,73),
MTA1(73), MRE11(74), NBS1(74), ALC1(39,40), APLF
(75,76), XRCC1 (68), BMI-1 (77), MEL-18 (73)] also
points towards this model. Thus, local poly(ADP-ribosyl)-
ation at DNA damage sites may be a common phenom-
enon for the recruitment of DDR factors that control
genome integrity. It is highly likely that more DDR
factors and chromatin remodelers found in this study
will join this expanding group of proteins.

Using laser micro-irradiation and live cell imaging
analyses, we have shown that the retention of repair
factors at sites of DNA damage can exhibit a wide range
of dependency on pADPr. Given that pADPr formation
can be subjected to a 100-fold increase after the induction
of DNA damage (89), a rapid accumulation at the DNA
damage site would logically occur for a non-covalent
pADPr-binding protein. Indeed, we showed that
XRCC1, which possesses a pADPr-binding motif (12),
and CHFR, a PBZ-containing protein, are both showing
a very significant decrease of retention at DNA damage
sites when poly(ADP-ribosyl)ation is inhibited. There are
a variety of intricate DNA damage response mechanisms
that underlie spatial relocation of proteins at DNA
breaks. Although poly(ADP-ribosyl)ation appears as the
main driving force behind the recruitment of BER factors
at DNA damage sites (i.e. XRCC1 and LIG3), this phe-
nomenon is likely to be involved in the regulation of other
functions as in the case of NHEJ. The identification of
PARP-1, DNA-PK and KU70/80 as predominant
pADPr-associated protein components suggest that these
proteins participate to a same pathway to cope with DNA
damage. This finding supports previous studies that estab-
lished KU70, KU80 and DNA-PK as substrates of
PARP-1 (78–80) and is also consistent with a model
where PARP-1/DNA-PK interplay dictates the functional
properties of the NHEJ repair complex (81). Although the
relocation of core NHEJ factors at DNA damage sites is
pADPr-independent, the presence of PARP-1 and pADPr
in these complexes appears to play a more downstream
role in the DNA damage response. This can be illustrated
by reports indicating that poly(ADP-ribosyl)ation of the
KU70/KU80 complex impairs its ability to bind DNA
(78) or the stimulation of DNA-PK activity upon
poly(ADP-ribosyl)ation (82). A recent study reports that
PARP-1 binding to DSBs elicits substantial conform-
ational changes in the DNA-PK dimer assembly (81).
Following the idea that interactions within a PARP-1/
DNA-PK complex might affect the mechanism of
DNA-PK activation, the presence of pADPr through
automodified PARP-1 could led to structural transitions
with functional consequences on NHEJ.

This study and most of the current research focus on
poly(ADP-ribosyl)ation as an early response to genotoxic
stress. However, it is clear that the consequences of
poly(ADP-ribosyl)ation are not limited to the early
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DNA damage response, but also impact on stress response
and cytoprotection. Later consequences may include
changes in gene expression and global cellular responses
of death and survival within hours and days (83).

This effort represents the most extensive proteomics
coverage in the context of PARP activation following
DNA damage and contributes to a growing body of
evidence that implicates pADPr as a coordinator of
multiple activities required for maintaining genome
integrity.
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