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Abstract

Poly(ADP-ribose) polymerases have been linked to several cellular functions, most of which being
mediated through the dynamics of poly(ADP-ribose) (pADPr). In several pathways, pADPr is the
effector molecule that regulates cellular signaling and dictates biological outcomes. pAPDr is a
central molecule that is capable of promoting both cell survival through the maintenance of
genome integrity and cell death that occurs by way of a signal-mediated apoptotic-like process.
Thus, interactions with pADPr are extremely important in bringing about the balanced regulation
that controls cell fate. Further clues regarding these functions are emerging from a growing list of
proteins with which pADPr interacts. Here, we describe the current approaches for investigating
noncovalent protein interactions with pADPr.
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1. Introduction

Most of our understanding of the events associated with poly(ADP-ribose) (pADPr)
metabolism is related to the maintenance of genome integrity and most aspects of nuclear
metabolism (1). An abundant literature shows that DNA-dependent poly(ADP-ribose)
polymerases (PARPs) are crucial sensors and effectors for the maintenance of nuclear
architecture, chromatin structure, and DNA repair (2). This statement is in agreement with
the increasing evidence that pADPr effects may be through modulation of several pathways
involved in genome stability. In the current model, pADPr is considered as a chromatin
remodeling and histone modifying molecule that promotes the unwinding and
destabilization of histone-DNA interactions. Recent experimental findings also suggest that
pADPr is a scaffolding polymer that facilitates efficient repair by recruiting several of the
proteins that catalyze single- and double-strand break repair (3-5). Therefore, pADPr is a
central component of the molecular cascades that detects and responds to several forms of
DNA damage caused by genotoxic stress. Given its wide involvement in pathways affecting
genomic stability, pADPr can be conceptualized as a nonproteinaceous tumor-suppressor

(6).
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Although pADPr metabolism has been mostly studied in the context of genomic integrity
through PARP-1 and PARP-2 activation, recent evidence shows that it plays critical roles in
the regulation of several other pathways, such as cell cycle progression (7), telomere
stability (8), transcriptional control (9), or cell death (10). In the latter case, pADPr itself has
been shown to act as an efficient apoptogenic molecule causing caspase-independent cell
death (11). It is interesting to note that the cytotoxicity of pADPr is directly related to its
complexity and molecular weight. The pADPr involved in PARP-dependent cell death (and
likely DNA damage signaling) is characterized by a complex structure configuration mostly
composed of long and branched chains of ADP-ribose units. This polymer is also thought to
share some structural features with nucleic acids (12). In particular, a helical conformation
of pADPr has been postulated based on its physicochemical properties (13, 14). A recent
comparative study of the catalytic core structures of PARP family members put forward the
concept of pADPr heterogeneity (15). Indeed, a reassessment of the molecular basis for the
ADP-ribose transferase activity of PARP-like proteins brought Kleine and colleagues (15) to
propose that only PARP-1, PARP-2, and PARP-3 possess a connecting loop that meets the
requirements for the catalysis of long and branched pADPr polymers. Following this model,
other bona fide PARPs, such as the vault-PARP and the telomeric tankyrase-1 and -2 are
predicted to synthesize much shorter and probably unbranched polymers. The biological
significance of these variations remains to be fully explored, but it is reasonable to think that
it could modulate different cellular pathways. Indeed, tankyrase-1 was identified as the
unique poly(ADP-ribosyl)ating enzyme required for spindle organization in mitosis (16),
suggesting that structural proteins or mitotic regulators involved in cell cycle progression
could be affected by pADPr. This pADPr is a crucial and global regulator of cell cycle
progression despite its more simple configuration (short and unbranched polymer) (17).
Although structural predictions provide a framework to further advance our understanding
of the mechanisms related to poly(ADP-ribosyl)ation, extensive experimental validations are
still required to evaluate the actual behavior of pADPr synthesized by the different PARP
family members. For example, despite the high degree of similarity to the catalytic domains
of PARP-1 and PARP-2 and the presence of structural requirements thought to be involved
in pADPr elongation and branching, PARP-3 appears to be mainly a mono ADP-ribosyl
transferase (18). The heterogeneity of pADPr molecules also arise from the dynamic
interplay between pADPr-synthesizing enzymes and the poly(ADP-ribose) glycohydrolase
(PARG) that regulates pADPr catabolism (19). We are just beginning to understand the
signaling networks and the cross-talks based on specific structural features that might exist
for different classes of pADPr (20).

Like most protein modifications, poly(ADP-ribosyl)ation can directly impart functional
changes in target proteins. In this view, poly(ADP-ribosyl)ation can be seen as a highly
dynamic posttranslational process, such as phosphorylation. Covalently poly(ADP-
ribosyl)ated proteins at specific amino acid positions may undergo deep structural
modifications which typically alter protein structure and function. The relaxation of
chromatin topology after poly(ADP-ribosyl)ation of nucleosomes is one example of striking
pADPr-dependent structural rearrangements (21, 22). However, with regards to size, steric
hindrance and, most importantly, very high-negative charge density, pADPr characteristics
extend outside of a solely posttranslational mechanism. Noncovalent pADPr interaction also
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provides an ability for proteins to adapt to new functional conditions. The identification of
an increasing number of proteins that strongly interact with pADPr in a noncovalent fashion
might indicate a full range of functional complexity and diversity in biological systems
modulated by pADPr metabolism.

Protein domains are now emerging as modules that interact selectively with pADPr. The
macro domain (23-25) and the PBZ zinc finger (26) are such protein folds for which specific
noncovalent pADPr binding was demonstrated. Different mechanisms have been proposed
to explain the interactions governing the binding to pADPr. While the PBZ zinc fingers
seem to present structural determinants that could allow strong noncovalent interactions with
multiple ADP-ribose residues along pADPr polymers (27), structural analysis of the macro
domain suggest that its binding to pADPr would rather be limited to terminal ADP-ribose
rings (28). It appears that conserved mechanisms with different structural adaptations to
pADPr conformations can contribute to the regulation of specific cellular processes.

On the other hand, several DNA damage checkpoint and repair proteins strongly bind
pADPr despite being devoid of the aforementioned binding modules (29). Instead, the
interaction of these proteins with pADPr is mediated through a discrete binding motif
characterized by a sequence pattern of alternating hydrophobic and basic amino acids (29).
The pADPr-binding sequence was further defined with key amino acids at preferred
positions within the motif (30). The noncovalent pADPr-binding motif often overlaps with
other functional domains of proteins. This motif is also frequently associated with lysine-
and arginine-rich regions of proteins (29). It is not surprising to find pADPr-binding motifs
in a context of positively charged protein regions given the high negative charge of the
pADPr and the electrostatic nature of the noncovalent interaction. The presence of a pADPr-
binding motif in a nucleic acid-binding protein can alter its DNA/RNA-binding functions.
For example, pADPr plays a role in regulating the DNA-binding properties of p53 (31).
Table 1 summarizes the three noncovalent pADPr-binding modules previously reported in
the literature.

The noncovalent pADPr-binding capacity of proteins can be verified through combined
strategies. Computational in silico methods for the prediction of pADPr-binding proteins
based on consensus motifs are the starting point for target identification. Affinity-based,
proteome-wide target identification methods are also used to isolate pADPr-binding
proteins. Affinity-purification mass spectrometry (AP-MS) approaches have been especially
instrumental in identifying pADPr interactors and pADPr-containing multiprotein
complexes (30, 32). Taking advantage of the broad specificity and high affinity of anti-
pADPr antibodies, poly(ADP-ribosyl)ated and pADPr-binding proteins can be isolated in
complex protein mixtures by immunoprecipitation (I1P) assays. Predicted candidates or other
protein of interest can be assayed for direct binding to pADPr through quantitative in vitro
methods. Much of the published research on pADPr-binding proteins has been carried out
using polymer-blot assays, a technique essentially derived from nitrocellulose filter-binding
assays developed for protein-DNA interactions (33). This technique should be considered as
a powerful tool for the identification of pADPr-binding proteins. Refined procedures based
on polymer-blot assays now include synthetic peptide arrays covering putative pADPr-
binding regions and the use of fractionated pADPr for the evaluation of size-specificity of
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the binding. Electrophoretic mobility shift assay (EMSA) with pADPr has also been adapted
from common gel shift assays used to characterize interaction with nucleic acids (34).
Indeed, nucleic acid-like pADPr shares several chemical features with DNA/RNA such that
several variants of these methods have been published in the context of pADPr studies.
More recently, surface plasmon resonance (SPR) was used to precisely quantify the binding
affinity for pADPr, which interaction appeared to be surprisingly strong (34).

The current methods used so far to identify pADPr-binding proteins include various
approaches from standard biochemical validation to computer-assisted modeling for the
prediction of pADPr-binding motif. We recommend the following methods as a guide to
evaluate whether a given protein binds pADPr and to define the region-mediating pADPr
binding.

2. Materials

2.1. Cell Culture and PARG siRNA

1. Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Wisent, St-Bruno, Canada). Pen-Strep (Invitrogen, Carlsbad,
CA) containing penicillin (10,000 U/ml) and streptomycin (10,000 pg/ml) is added
to culture media.

2. Solution of 0.5 g/l of trypsin (0.05%) and 0.2 g/l of EDTA«4Na in Hanks’ Balanced
Salt Solution (Invitrogen, Carlsbad, CA).

100- and 150-mm cell culture dishes and cell scrapers (Sarstedt, Newton, NC).
GlutaMAX™ media (Invitrogen, Carlshad, CA).

HiPerFect™ transfection reagent (Qiagen, Germantown, MD).

o o k~ W

hPARG siRNA: AAGAUGAGAAUGGUGAGCGAAITAT and hPARG control
SiIRNA (mismatch): AAGAUGAG-AAUCCUGAGCGAAITAT (Dharmacon,
Lafayette, CO). Prepare 1 uM stock solution in 60 mM KCI, 6 mM HEPES-pH 7.5,
0.2 mM MgCl, (resuspension and long-term storage buffer).

2.2. Immunoprecipitation

1. 100 mM stock solution of N-methyl-N'-nitro-N-nitroso-guanidine (MNNG) in
dimethyl sulfoxide (DMSO).

2. Phosphate-buffered saline (PBS). Prepare 10x stock with 1.37 M NaCl, 27 mM
KCI, 100 mM NayHPQOy4, 18 mM KH,PO, (adjust to pH 7.4 with HCI if necessary).

3. Lysis buffer: 20 mM Tris—HCI pH 7.5, 150 mM NacCl, 0.5% NP-40, Complete™
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). The lysis
buffer can also be supplemented with 1 uM ADP-HPD [adenosine 5’-diphosphate
hydroxymethyl pyrrolidinediol] (Calbiochem-EMD Biosciences, San Diego, CA)
an analog of ADP-ribose that acts as a PARG inhibitor (35, 36).

4. 0.1 M sodium acetate buffer, pH 5.0.
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Dynabeads® magnetic beads covalently coupled with Protein G and DynaMag™
magnets (Invitrogen, Carlsbad, CA).

Anti-pADPr antibody clone 10H (Tulip Biolabs, West Point, PA) and equivalent
amount of normal mouse 1gGs (Calbiochem-EMD Biosciences, San Diego, CA).

PBS containing 1% (w/v) bovine serum albumin (BSA), fraction V (Sigma-
Aldrich, Oakville, Canada).

3x Laemmli sample buffer (150 mM Tris—HCI pH 6.8, 6% SDS, 0.3%
bromophenol blue, 30% glycerol) containing 5% B-mercaptoethanol.

4-12% Criterion™ XT Bis-Tris gradient gel (Bio-Rad, Hercules, CA).
Criterion™ Precast Electrophoresis System (Bio-Rad, Hercules, CA).
Gel fixation solution: 40% methanol, 10% acetic acid.

SYPRO Ruby® Protein gel stain (Invitrogen, Carlsbad, CA).

CCD-based imaging device, such as the Geliance Imaging System (PerkinElmer,
Waltham, MA) equipped with emission filters for optimal visualization of the
SYPRO® Ruby protein stain.

2.3. Polymer-Blot Detection of pADPr-Binding Proteins (Isotopic and Nonisotopic Assays)

1

10.
11.

12.

Mini-PROTEAN® electrophoresis and Mini Trans-Blot® transfer system (Bio-Rad-
Hercules, CA).

SDS-PAGE running buffer: 25 mM Tris—HCI, pH 7.4, 200 mM glycine, 0.1% SDS.

SDS-PAGE transfer buffer: 10 mM Tris—HCI, pH 7.4, 100 mM glycine, 20%
methanol.

PROTRAN® 0.2 um pore size nitrocellulose membrane (Whatman GmbH, Dassel,
Germany).

SDS-PAGE prestained molecular weight markers (Bio-Rad-Hercules, CA).

Vacuum manifold, such as the Convertible® Filtration Manifold System (Whatman
GmbH, Dassel, Germany).

Tris-buffered saline supplemented with Tween-20 (TBS-T): 10 mM Tris—HCI, pH
7.4, 150 mM NaCl and 0.05% Tween-20.

Blocking buffer (TBS-MT): TBS-T containing 5% nonfat dried milk.
Laboratory platform shaker.
Blot trays.

Peroxidase-conjugated secondary antibodies (Jackson Immunoresearch, West
Grove, PA).

3 MM Chromatography/blotting paper (Whatman GmbH, Dassel, Germany).
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Western Lightning® Plus-ECL, Enhanced Chemiluminescence Substrate
(PerkinElmer, Waltham, MA).
Kodak BioMax® films.
Packard BioScience’s Instant-Imager™ or other quantitative radioactivity imaging

device (such as Molecular Dynamics Phosphorimager).

Mobility Shift Assay
Fractionated pADPr.

Acrylamide stock solution: 30% acrylamide, 0.8% bisacrylamide (150 g
acrylamide, 4 g N,N’-methylene bis-acrylamide, deionized water to 500 ml). Mix
well and filter through 0.2-um filter. Store at 4°C.

10x TBE: 108 g Tris base, 55 g boric acid, 9.3 g EDTA, deionized water to 1 I.
Store at room temperature.

10% (w/v) ammonium persulfate (APS) solution. Stable for 1 month at 4°C.
N,N,N’ N*“tetramethylethylenediamine (TEMED). Store at room temperature.

Monitoring dye: 10 mM Tris—HCI pH 8.0, 0.05% (w/v) bromophenol blue and
0.05% (w/v) xylene cyanol. Store at room temperature.

Vertical slab gel apparatus, semi-dry electrophoretic transfer cell and power supply.
Hybond N + nylon membrane (GE Healthcare Life Sciences, Piscataway, NJ).

Streptavidin—horseradish peroxidase conjugated antibody (GE Healthcare Life
Sciences, Piscataway, NJ).

10. Vacuum gel dryer with heating unit.

11. X-ray film, cassettes, and developer.

3.1. Computational Predictions of pADPr-Binding Proteins

Using sequence alignments of DNA damage checkpoint proteins, Pleschke and colleagues
(29) recognized a consensus pADPr-docking site pattern characterized by the presence of a
cluster of basic amino acids and the conservation of an interspersed arrangement of basic
and hydrophobic amino acid residues located in close proximity. Numerous protein pattern
and profile search engines can be used for large-scale organism-specific predictions of
pADPr-binding proteins or targeted protein sequences (see Note 1). Interestingly,
evolutionarily conserved functional domains frequently overlap with the pADPr-binding
motif, such as domains mediating protein—protein interactions, DNA binding, nuclear

Iwe suggest the use of the Network Protein Sequence @nalysis (NPS@) Web server (46). It includes several tools dedicated to
protein sequence analysis available for the biologist community (URL: http://npsa-pbil.ibcp.fr/). The Sequence Retrieval System
(SRS) is particularly useful for organism-specific database searches. Extracted protein datasets can be scanned for one or several
patterns using the PATTINPROT engine. The PATTINPROT algorithm is especially relevant to pADPr-binding motif searches
because it allows divergence from the queried pattern. Errors toward the pattern are set by the number of mistmatch allowed or by a

similarity threshold.
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localization, nuclear export, and protein degradation (29). However, the tolerance for several
amino acids at different positions within the sequence limits its ability to accurately predict
matching motifs for protein database searches. Subsequent motif refinement was performed
by Gagné and collaborators (30) on the basis of the original motif. Experimentation
demonstrates that pADPr-binding motif refinements resulted in more matches to
functionally related proteins, with significant enrichment in proteins involved in transactions
with nucleic acids. The refined pADPr-binding motif may therefore be used as a more
reliable guide to predict pADPr-binding proteins in this context. For a more comprehensive
understanding of the sequence requirements for pADPr-binding, it will be important to
extend similar studies to larger pADPr-binding motif datasets. The systematic use of both
complementary pADPr-binding motifs is still mandatory (see Note 2). Together they may
help users to locate a noncovalent pADPr-binding, but users should always keep in mind
that searches should be performed at medium or low stringency to see weaker or divergent
pADPr-binding sites. The frequency distribution of the motifs in protein databases varies
according to the similarity level threshold applied to the database searches. The importance
of the individual amino acids of the consensus motif can be assessed by site-directed
mutagenesis, but computational predictions are usually first validated through direct pADPr-
binding assays. The following methodologies were developed to identify pADPr-binding
proteins, screen for the putative pADPr-binding regions and for quantitative analysis of
pADPr-binding affinity.

3.2. Affinity Purification of pADPr-Binding Proteins

Anti-pADPr antibodies are characterized by a broad specificity as a consequence of being
reactive with various pADPr structures (37). The high affinity and specificity of anti-
pADPr-antibodies makes them highly suitable for specific immunoprecipitation from crude
lysates. Because of the high turnover of pADPr, pull-down assays must be performed in
conditions where hydrolysis is limited. For example, strategies can include the use of a
PARG inhibitor or siRNA-mediated PARG knock-down. pADPr has notably been
efficiently immunoprecipitated with a complex mixture of interacting proteins using the
mouse monoclonal antibody clone 10H (Tulip Biolabs) (38) or the rabbit polyclonal
antibody clone 96-10 (39). pADPr and its associated protein can be pulled down from
protein extracts using regular buffer compositions usually employed for protein
immunoprecipitation assays. Detergents that tend to preserve noncovalent interactions (e.g.,
Triton X-100, NP-40, CHAPS) are preferred. The ionic strength of the wash buffers (i.e.,
NaCl molarity) can also be modified to modulate the stringency of the pulled-down assay.

The pull-down assays do not distinguish whether the interaction between pADPr and
proteins is mediated by free polymers or covalently attached polymers onto protein
substrates or interaction complexes. However, pull-down and mass spectrometric strategies

2Computational analysis and prediction of pADPr-binding motifs are challenging because the sequence motif that mediates pADPr
interaction is degenerated and poorly defined. In silico identifications also result from predictions made out of any structural context.
Though variable in sequence, two motifs were experimentally proven to confer binding to pADPr: a motif derived from DNA damage
checkpoint proteins (Pleschke et al. (29)): [AVILMFYW]-X-[KR]-X-[AVILMFYW]-[AVILMFYW]-[KR]-[KR]-[AVILMFYW]-
[AVILMFYW]-[KR] and a refined, more stringent version with a bias toward proteins involved in DNA/RNA transactions (Gagné et
al. (30)): [HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-[FILPV].

Methods Mol Biol. Author manuscript; available in PMC 2015 April 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gagné et al.

Page 8

are very useful resources for target and pathway identification and for guiding future
biological experiments.

3.2.1. Cell Culture and Endogenous PARG Knock-Down Using siRNA

1.

Human neuroblastoma SK-N-SH (see Note 3) are cultured in DMEM medium
supplemented with 10% FBS and Pen-Strep. SK-N-SH cells are passaged when
approaching confluence with trypsin/EDTA to maintain stock cultures in 100-mm
tissue dishes and experimental cultures in 150-mm dishes.

Experimental SK-N-SH cultures are grown until cells reached 50% confluence
under air/CO5, ratio of 19:1 at 37°C. Before performing transfection, the medium is
replaced with fresh DMEM containing GlutaMAX™ (1x) and 10% FBS (without
antibiotics).

Prepare the siRNA transfection complexes as follow. For 150-mm plates, put 600
pul DMEM ina 1.5 ml tube. Add 100 pl of siRNA stock solution (for a final
concentration of 5 nM in the culture plate). Mix well (vortex) and then add 40 ul of
HiPerfect® reagent. Mix well by inverting the tube several times but without
vortexing.

Leave the mixtures for 5-10 min at room temperature to allow the formation of
transfection complexes.

Add the complexes drop-wise onto the cells. Gently swirl the plate to ensure
uniform distribution of the transfection complexes.

Incubate the cells with the transfection complexes under their normal growth
conditions for 48 h (cells will reach 100% confluency).

Trypsinize the cells and replate at 50% confluence in a medium containing freshly
added siRNA complexes prepared as above.

When the cells become confluent, they are passaged and transfected again as
described. To decrease PARG activity by more than 80%, silencing is conducted
for over 6 days by passaging cells every 48 h as described (see Note 4). Examples
of pADPr accumulation in PARG siRNA treated cells are shown in Fig. 1.

3.2.2. Immunoprecipitation of pADPr-Associated Proteins Following
Alkylation-Induced DNA Damage

1

Neuroblastoma SK-N-SH cells are seeded onto three 150-mm cell-culture dishes
and endogenous PARG is knocked down as described above (see Subheading
3.2.1).

3This protocol can be adapted for many other cell types. Affinity purification of pADPr-binding proteins has also been performed in
cell extracts from HeLa, 293 F cell lines (16) and HEK 293 (Gagné et al. unpublished).

The optimal cell confluency for siRNA transfection should be determined for every new cell type to be transfected and kept constant
in future experiments. Using this procedure, efficient knockdown without cytotoxicity has been observed up to 2 weeks after the initial
transfection. To circumvent the lack of good antibodies for directly assessing endogenous PARG levels, the evaluation of PARG
knockdown is performed using PARG thin layer chromatography (TLC) activity assays as described (47).
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The cells should reach 80-90% confluency prior to the treatment with an
appropriate DNA-damaging agent. To induce sustained pADPr levels in PARG
knocked-down SK-N-SH cell line, cells are incubated with 100 pM MNNG (see
Note °) freshly diluted in serum-free DMEM for 5 min and then rapidly rinsed
twice with ice-cold PBS. All further steps should be performed on ice or at 4°C.

Immediately, 2 mi/plate of lysis buffer (see Note 6) is added. Cells are collected
with a cell scraper and the extracts are pooled. The concentration of NaCl is raised
to 2 M and placed on ice for 15-20 min (see Note 7).

The extracts are gently mixed for 30 s and extensively dialyzed against ice-cold
lysis buffer.

During the dialysis steps, prepare the appropriate beads suspension for
immunoprecipitation experiments. IP of pADPr-associated proteins is typically
performed using Dynabeads® magnetic beads covalently coupled with protein G.

300 pl of the protein G beads suspension is washed twice with 1 ml of 0.1 M
sodium acetate buffer, pH 5.0, before addition of 30 pg of mouse monoclonal anti-
pADPr antibody clone 10H in 500 pl sodium acetate buffer. To prepare a negative
control, add an equivalent amount of normal mouse 1gGs to the washed protein G
beads suspension (see Note 8). Incubate for 1 h at room temperature with gentle
rotating agitation and wash twice with 2 ml of lysis buffer.

The antibody-coupled beads suspension is then incubated for 1 h with 1 ml of PBS
containing 1% (w/v) BSA to block non-specific antibody binding sites.

Residual blocking solution is discarded and antibody-coupled beads washed three
times with 1 ml of lysis buffer.

The pADPr/protein extract is then added to the bead suspension and incubated for 2
h with gentle rotating agitation.

The samples are washed at least three times with two volumes of lysis buffer for 5
min (with gentle rotating agitation).

Elution of protein complexes is performed using 100-150 pl of 3x Laemmli sample
buffer containing 5% [-mercaptoethanol. Samples are heat denaturated at 95°C for
5 min and then resolved by SDS-PAGE using a 4-12% gradient gel.

SMNNG is a very potent mutagen. Wear gloves and safety glasses. Handle as a carcinogen. Heat, light, and moisture sensitive.
Prepare in DMSO and store at 4°C. Stable at 4°C for 2 weeks. For alkylation-induced DNA damage, an optimal incubation time must
be determined by the investigator. This time should be determined carefully, as pADPr can decrease rapidly at longer time points due
to NAD depletion and PARG hydrolysis.

Alternative lysis buffers have been used to successfully pull-down pADPr-binding protein in affinity purification experiments: (1)
150 mM NaCl, 50 mM HEPES, pH 7.4, 1 mM MgCly, 0.5% Triton-X-100, 1 mM DTT, 1 mM EGTA (16), (2) 50 mM Tris—HCI pH
8.0 containing 150 mM NaCl, 1% NP-40, 5 mg/ml deoxycholate and 0.1% SDS (39) and (3) 40 mM HEPES pH 7.5, 120 mM NacCl,
0.3% CHAPS, 1 mM EDTA, 1x Complete® protease inhibitors (Gagné et al. unpublished).

This salt extraction procedure was adapted from Cardenas-Corona et al. (48). High salt conditions typically result in the disruption of
protein complexes. This procedure was performed to optimize the release of chromatin-bound pADPr-binding proteins especially
abundant in the context of PARP hyperactivation with DNA damaging agents. To preserve multiprotein complexes integrity, skip the
high salt extraction, centrifuge the cell lysate at 3,000 x g for 5 min to pellet any insoluble material/cellular debris and proceed to step

6

SNative 1gG from mouse serum are used as a negative control in parallel with specific mouse 1gG-type primary antibodies. A sample
preclear can also be performed by first incubating the cell extracts with uncoupled beads to reduce unspecific background.
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12. After the electrophoresis, the gel is fixed for 30 min in 100 ml of gel fixation
solution, rinsed three times with water and stained overnight with SYPRO® Ruby.
Cover the incubation tray with aluminum foil to protect the stain from light.

13. Perform image acquisition on a CCD-based bioimaging system for fluorescence
applications, such as PerkinElmer’s Geliance system. A typical pull-down result is
shown in Fig. 2.

14. Immunoprecipitation extracts can be probed for pADPr or any targeted protein after
transfer onto nitrocellulose and Western blot analysis (see Fig. 3).

3.3. Identification of Noncovalent pADPr-Binding Proteins by Polymer-Blot Analysis

Several novel methods assessing the noncovalent interaction between pADPr and specific
binding proteins have been described. Yet, most of the pADPr-binding proteins have been
identified biochemically by a polymer-blot-binding assay using synthetic peptides covering
the putative pADPr-binding motif. In particular, the nitrocellulose-binding assay first
described by Panzeter and colleagues (40) and modified by Gagné et al. (41) remains one of
the leading techniques currently used. Because this in vitro pADPr-binding assay is
quantitative, it also allows the measurement of the pADPr-binding properties of purified
proteins. Polymer-blot analysis requires the immobilization of peptides or purified proteins
onto nitrocellulose either by hand-spotting or transblot procedures. This method is basically
an adaptation of blot overlays protocols to pADPr. Protein—-pADPr interactions can be
detected by using a radio-labeled pADPr probe or an anti-pADPr antibody (similar to the
far-Western blotting technique). Automodified PARP-1 can also be used as a probe for
detecting interactions with protein-bound pADPr. The benefit of this probe is that it does not
need to be purified through dihydroxyboronyl BioRex (DHBB) chromatography (42) while
providing, most of the time, equivalent end result as assays with protein-free pADPr.
Investigators should, however, rule out the possibility that interactions with PARP-1 account
for some of the observed binding.

3.3.1. Detection of pADPr-Binding Proteins Using Radio-Labeled Polymer-Blot
Assay

1. These instructions assume the use of purified recombinant proteins or mimicking
synthetic peptides corresponding to the predicted pADPr-binding domain of
selected proteins. The ability of these proteins or peptides to interact with pADPr in
a noncovalent manner is determined by polymer-blot assay using [32P]-labeled
protein-free pADPr or [32P]-labeled auto-modified PARP-1 as probes (see Note 9).

2. For hand-spotted arrays, synthetic peptides or purified proteins are diluted in TBS-
T. One microgram is hand-spotted onto a nitrocellulose membrane or dot-blotted
using a vacuum manifold system. Hand-spotted peptides are air-dried for 15 min.

9The pADPr synthesized by in vitro automodification of PARP-1 has a mean length of 40 ADP-ribose residues (49). The
concentrations of pADPr used in these assays are within the range of in vivo pADPr concentrations found in MNNG-treated cells (50,
51). In vitro synthesis of pADPr is performed according to Ménard and Poirier (47), and pADPr is purified by DHBB chromatography
(42). Alternatively, protein-free pADPr can be prepared using DNAse | and proteinase K followed by a phenol-chloroform extraction
as described by Ahel et al. (26).
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Peptides or proteins blotted with a manifold system are washed once with TBS-T.
The membrane is removed from the manifold and air-dried for at least 15 min.

3. Purified proteins can also be resolved by SDS-PAGE and transferred onto
nitrocellulose membranes with the blotting system.

4. The following procedures apply for all spotting approaches (i.e., hand-spotting,
vacuum-spotting, and transblot procedures).

5. The membranes are soaked in TBS-T and washed three times.

6. The membranes are then incubated for at least 1 h in TBS-T and placed on a
platform or orbital shaker at room temperature to allow proper refolding of proteins
(see Note 10).

7. The membranes are then incubated for 1 h in 25 ml of TBS-T containing 250 nM of
[32P]-labeled probe at room temperature with constant shaking (see Note 11).

8. The membranes are extensively washed with TBS-T until no radioactivity could be
detected in waste.

9. The membranes are then air-dried prior to analysis. Radioactivity is detected by
using an Instant-lmager™ system which quantifies the distribution of radioactivity
on flat samples. A hand-spotted protein array of histones is shown in Fig. 4 as an
example.

10. For autoradiogram, expose the membranes to an X-ray film for an appropriate
length of time.

3.3.2. Identification of Noncovalent pADPr-Binding Proteins by Nonisotopic
Polymer-Blot Analysis
1. Prepare arrays of hand- or vacuum-spotted peptides and nitrocellulose-transferred

purified proteins as described for the isotopic detection of pADPr-binding (see
Subheading 3.3.1).

2. The nitrocellulose membranes are soaked in TBS-T and washed three times.

3. The membranes are then incubated for at least 1 h in TBS-T and placed on a
platform or orbital shaker at room temperature to allow proper refolding of proteins
(see Note 10).

10proteins must fold to unique native structures in order to perform their functions. In this context, one can presume that it might be
unlikely that a protein stays intact after SDS-PAGE sample preparation and nitrocellulose transfer. Nonetheless, it is well-known that
many types of protein interactions do in fact still occur even after one of the partners has been reduced, denatured, run on SDS-PAGE,
and Western blotted (52). Reducing agents, such as dithiothreitol (DTT) and 3-mercaptoethanol can also be added to help the
renaturation of some proteins (1 mM DTT or 5 mM f-mercaptoethanol). Reducing agents must be added fresh. This step is preferably
Eerformed in tightly closed container under a fume hood.

LAnother important consideration for this step is that the binding assay should also be performed at low concentration of ligand
(pADPr down to 10 nM) to minimize the possibility of non-specific interactions. Under conditions of low concentrations of ligand, the
binding is saturated when the system reaches the equilibrium. It was observed that, for all concentrations of ligand tested, the
saturation of pADPr-binding is obtained within 3 h. Working under conditions of low concentration of ligand offers the advantage of
being quantitative over a wide range of protein concentrations.
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The incubation buffer is discarded and the membrane quickly rinsed in TBS-T prior
to addition of 250 nM DHBB purified pADPr in 25 ml TBS-T. Incubate for 1 h at
room temperature with gentle agitation.

The unbound pADPr is then removed by extensively washing the membrane with
TBS-T.

Block nonspecific antibody-binding sites by incubating the membrane for 1 h in
TBS-MT.

The presence of pADPr-binding proteins is detected with an appropriate anti-
pADPr antibody (see Note 12). Dilute the anti-pADPr antibody in 25 ml of TBS-
MT and incubate the membrane for 1 h at room temperature with gentle agitation.
The primary antibody is then removed and the membrane washed at least three
times for 15 min each with 50 ml TBS-MT.

The appropriate peroxidase-conjugated secondary antibody is freshly prepared for
each experiment. A 1:5,000 dilution is prepared in 25 ml of TBS-MT and added to
the membrane for 30 min at room temperature with gentle agitation.

The secondary antibody is discarded and the membrane is washed as follows: three
times with 50 ml TBS-MT for 15 min each, three times with 50 ml of TBS-T, and
then twice with 50 ml TBS without Tween-20 detergent.

The blot is revealed using ECL reagents for HRP-conjugated secondary antibody.
For optimal results, the ECL reagents should be warmed at room temperature and
used as soon as possible after mixing. Mix no more than is needed at one time and
perform these steps preferably in a dark room under safe light condition.

Incubate the ECL reagents with the membrane for 1 min at room temperature. Use
0.125 ml per cm? of membrane and incubate with gentle agitation.

Drain any excess of ECL reagents by depositing the membrane on a Whatman
3MM blotting paper. To keep the film dry, use a plastic transparent sheet protector
or a thin plastic film typically used for sealing food to seal the wet membrane.

The membrane is then placed in an X-ray film cassette with BioMax® film for a
suitable exposure time.

Repeat film exposure, varying the time as needed for optimal detection (see Note
13)

3.4. Electrophoretic Mobility Shift Assays

EMSA is a technique that was first developed to characterize the association of DNA-
binding proteins with their substrates (43). The assay is based on the observation that
complexes of protein and DNA migrate through a nondenaturing polyacrylamide gel more

12General|y, experiments are performed with mouse monoclonal antibody clone 10H diluted 1:250 or rabbit polyclonal antibody 96—

10 diluted at 1:5,000.

Quantification of data may be desired, and this can be done using standard scanning densitometry of the films if care is taken to
ensure that signal has not been saturated. Alternatively, the chemiluminescence signal can be captured digitally using a cooled CCD
camera equipped with digital imaging software.
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slowly than free DNA fragments. This technique can easily be adapted to study other type of
associations, such as noncovalent binding to pADPr. This variant technique is carried out by
first incubating a putative pADPr-binding protein with radiolabeled pADPr. The reaction
products (i.e., complexes formation) are then analyzed on a nondenaturing polyacrylamide
gel. This method can be used to obtain quantitative-binding parameters to pADPr, such as
equilibrium and rate constants. However, the success of this technique depends on many
factors which can affect the stability or the mobility of the protein-pADPr complexes (e.g.,
running buffer composition, temperature, molecular weight of protein). Therefore, factors
influencing the electrophoresis must be taken into account and an optimal protocol has to be
established according to the studied proteins. Moreover, in contrast to protein-DNA or -
RNA studies, pADPr is generally not defined as a homogeneous component but rather as a
complex mixture of pADPr polymers of various size and branching configurations which
adds another challenge to understanding the observed interaction. In 2007, Fahrer et al. have
assessed the binding affinity of XPA and p53 to biotinylated pADPr by EMSA (34). The
authors developed an elegant and efficient method to circumvent the main problems
associated with pADPr fractionation and detection. There are various advantages of using
biotinylated pADPr. Instead of using anti-pADPr-specific antibodies, biotin end-labeled
pADPr chains are readily accessible to high-affinity anti-biotin antibodies and the use of
nonisotopic pADPr fractionation eliminates radioactive materials which might cause further
contamination on chromatographic equipments. Using this approach, Fahrer et al. (34)
demonstrated the size-dependent pADPr-binding of XPA and p53. This procedure is
amenable to evaluate the pADPr-binding affinities of virtually any purified putative pADPr-
binding protein.

3.4.1. Native Polyacrylamide Gel

1. Prepare a 6% native polyacrylamide gel in 0.25% TBE by mixing 8 ml of 30%
acrylamide stock solution (see Note 14) with 1 ml of 10x TBE and adjusting the
volume to 40 ml with deionized water. Then, add 0.4 ml of 10% APS, and mix by
inverting the tube. This is followed by addition of 40 pl TEMED with mixing by
inversion of the tube. The acrylamide solution is poured gently into a 15 x 17 cm
(W x L), 1.5-mm thick slab gel.

2. Pre-run the gel in 0.25x TBE for ~1 h at 100 V. The binding reaction can be
performed while the gel is being pre-run.

3.4.2. pADPr-Binding Reaction and EMSA

1. pADPr-binding reactions are performed in 20 pl reaction mixture containing 10
mM Tris—HCI pH 7.4 and 1 mM EDTA. Purified protein and fractionated pADPr

14Acrylamide is a neurotoxin and therefore must be handled carefully. Wear a dust mask and rubber gloves.
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(see Note 19) are incubated together at 25°C for 20 min to allow complex formation
to reach equilibrium (see Note 16).

2. The mixture is adjusted to 10% glycerol and then applied immediately to the pre-
run native polyacrylamide gel.

3. The samples are electrophoresed for 2.5 h at 160 V to separate free and bound
pADPr. The monitoring dye can be loaded to visualize the progress of the
electrophoretic run.

4. When using radiolabeled pADPTr as a probe, the gel is transferred to a double layer
of Whatman 3 MM filter paper. After applying an overlay of plastic wrap, the gel is
dried under vacuum on a heated (80°C) platform gel dryer and autoradiographed.

5. For antibody-based detection of biotinylated pADPr, the gel is transferred to a
positively charged nylon membrane with a semi-dry electrophoretic transfer system
(20 V for 50 min followed by a heat-fixation at 90°C for 1 h). Then, the membrane
is blocked with 2% BSA in TBS-T (137 mM NaCl, 20 mM Tris—HCI pH 7.6, 0.1%
Tween-20) and biotinylated ADP-ribose chains are detected with Streptavidin—
horseradish peroxidase conjugated antibody (1:2,000 in blocking solution for 1 h at
room temperature) (see Note 17).

3.5. Other Techniques

A fairly recent development in the study of protein—-pADPr interactions involves the
measurements of biomolecular interactions by SPR (reviewed in (44)). This technique
assesses changes in refractive index very close to a sensor surface. The noncovalent bond
between a protein and pADPTr results in a change in the refractive index measured in real
time. This technology allows to measure association and dissociation constants with much
more precision and reproducibility than EMSA (34). In 2007, Fahrer et al. (34) showed that
XPA displayed high affinity for long pADPr chains with a Kp value of 6.5 nM, whereas p53
displayed a strong binding to both short and long chains (34). Other groups also used SPR
technology to study interactions of proteins with pADPr, such as the PBZ-containing
proteins APLF and CHFR. As we only give a brief overview of the technique, we refer those
readers who are interested in a greater understanding of SPR in the context of pADPr-
binding studies to references (26, 27, 34).

15pADPr is generally fractionated by anion exchange HPLC as reported by the Jacobson’s group (49, 53). A recent method using gel-
filtration chromatography has also been reported to crudely fractionate pADPr (54). Fractions can be characterized by high resolution
20% native PAGE (42) based on improvements of the original method published by Alvarez-Gonzalez and Jacobson (49). Average
polymer size can also be estimated from reversed-phase HPLC analysis of nucleosides generated by phosphodiesterase-digestion of
pADPr (53). The described technique is based on Shuman’s EMSA protocol (55) and nonisotopic biotinylated pADPr prepared by
Fahrer and colleagues (34).

Reaction mixtures need to be optimized empirically. Reported ranges of pADPr (125-250 fmol of size-fractionated pADPr) and
target proteins (up to 1.6 pM) (34) must be modulated according to pADPr-binding strength and the method of detection.

Specific immunodetection of pADP-protein complexes transferred to nylon membrane can also be performed using anti-pADPr
antibodies, such as the monoclonal antibody clone 10H or the polyclonal antibody 96-10 essentially by the method described by Affar
et al. (39). Briefly, the gel is transferred onto Hybond N + membrane in 45 mM Tris-borate pH 8.3 and 1 mM EDTA using transblot
electrophoresis transfer apparatus (0.4 A for 1.5 h at room temperature). After the transfer, the membrane is air-dried with a hair dryer
and pADPr is cross-linked on the membrane for 5 min using a UV (312 nm) transilluminator apparatus (Fisher Scientific). After
pADPr fixation, the membrane is blocked with PBS containing 0.1% Tween-20 and 5% milk for 1 h and processed essentially as
described previously (56) with anti-pADPr antibody 96-10 at a dilution of 1:5000. The blot is revealed using ECL reagents for HRP-
conjugated secondary rabbit antibody.
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Another method of interest reported by Panzeter et al. describes the synthesis of a stable and
reusable pADPr-affinity resin for affinity studies (45). They observed that pADPr-agarose
beads can efficiently isolate pADPr-binding proteins like histones. However, the
noncovalent affinity purification of non-histone proteins from cell lysates with this approach
is yet to be demonstrated. Nevertheless, this strategy may still be optimized and adapted to
more recent technologies, such as magnetic agarose beads. We refer the readers interested in
this technique to the original publication.
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Fig. 1.
pADPr levels are increased and sustained in sSiRNA-mediated knock-down of PARG in SK-

N-SH cells. Upper panel: immunostaining of pADPr in untreated and PARG knocked-down
cells after 5 min of MNNG treatment. DNA was stained with Hoechst 33342. Phase contrast
images of control and PARG siRNA-treated cells are shown. Lower panel: time course of
protein poly(ADP-ribosyl)ation after MNNG treatment. Crude protein extracts were loaded
and subjected to SDS-PAGE and immunoblotting. Western blots were revealed with anti-
pADPr polyclonal antibody 96-10. Blots show the rapid accumulation and disappearance of
pADPr in control cells while pADPr levels remain elevated in PARG siRNA knocked-down
cells.
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Fig. 2.

SSS—PAGE analysis of pADPr immunoprecipitation extracts from MNNG-treated and
PARG-inhibited HEK 293 cells. pADPr-associated proteins were pulled-down using anti-
pADPr antibody clone 10H (Tulip Biolabs) bound to protein G-coated magnetic beads (in
the presence of 1 uM PARG inhibitor ADP-HPD). Immunoprecipitates were resolved by 4—
12% SDS-PAGE and stained with SYPRO® Ruby fluorescent dye. Normal mouse IgGs
were used to assess nonspecific binding.
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Fig. 3.
pADPr immunoprecipitation followed by Western blot analysis. HEK 293 cell extracts were

subjected to pADPr immunoprecipitation with anti-pADPr antibody 10H (coupled to protein
G-coated magnetic beads) under three conditions: untreated cells (CTRL), cells treated with
100 uM MNNG for 5 min (MNNG 5 min) and cells that have been allowed to recover for 1
h after the removal of the MNNG (MNNG 1 h). Cells were lysed in the presence of 1 uM
PARG inhibitor ADP-HPD. Immunoprecipitation extracts were resolved by SDS-PAGE on
a precast 4-12% gradient gel and transferred onto nitrocellulose membrane. Protein patterns
were analyzed on immunoblots probed for either PARP-1 (anti-PARP-1 antibody C2-10) or
pADPr (anti-pADPr antibody 96-10). Blots confirm the retention of poly(ADP-ribosyl)ated
proteins in immunoprecipitation extracts and the accumulation of PARP-1 at the peak of
pADPr levels following alkylation-induced DNA damage and PARP activation (see Fig.1).
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Fig. 4.
Analysis of pADPr-binding activity of purified chromatin histones. Noncovalent pADPr-

binding was analyzed by polymer-blot with a [32P]-labeled automodified PARP-1 probe. (a)
Autoradiogram of the polymer-blot assay in function of the amount of blotted histones. (b)
Linearity dependence of [32P]-labeled automodified PARP-1 bound in function of increasing
amount of blotted histones.
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Noncovalent pADPr-binding modules

pADPr-binding modules

Page 23

References

Poly(ADP-ribose)-binding zinc finger (PBZ) motif [e.g., APFL, CHFR]

(26, 27, 54, 57)

Macro domain (C-terminal domain of core histone macro-H2A) [e.g., PARP-9, PARP-14, PARP-15, CHD1L/ALC1]

(5, 23, 24, 28, 32, 58)

Poly(ADP-ribose)-binding sequence motif [e.g., p53, XRCC1, XPA, hnRNP A1, ASF/SF2, MRE11, ATM]

(29, 30, 41, 59, 60)
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