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ABSTRACT

DNA-dependent poly(ADP-ribose) polymerases (PARPs) PARP1, PARP2 and PARP3 act as DNA
break sensors signaling DNA damage. Upon detecting DNA damage, these PARPs use nicotine
adenine dinucleotide as a substrate to synthesize a monomer or polymer of ADP-ribose (MAR or
PAR, respectively) covalently attached to the acceptor residue of target proteins. Recently, it was
demonstrated that PARP1-3 proteins can directly ADP-ribosylate DNA breaks by attaching MAR
and PAR moieties to terminal phosphates. Nevertheless, little is still known about the mechanisms
governing substrate recognition and specificity of PARP1, which accounts for most of cellular
PARylation activity, as well, about proteins responsible for detection and removal of ADP-
ribosylated DNA adducts and its role in multitude of cellular processes. In this study we provide a
detailed characterization of PARP1 DNA substrate specificity and mechanisms of DNA PARylation.
We showed that the 3'-terminal phosphate residue at double-strand DNA break ends served as a
major acceptor site for PARP1-catalysed PARYylation depending on the orientation and distance
between DNA strand breaks in a single DNA molecule. Moreover, a preference for ADP-
ribosylation of DNA molecules containing 3'-terminal phosphate over PARP1 auto-ADP-
ribosylation was observed, and a model of DNA modification by PARP1 was proposed. Similar
results were obtained with purified recombinant PARP1 and Hela cell-free extracts. Thus, the bio-
logical effects of PARP-mediated ADP-ribosylation may strongly depend on the configuration of
complex DNA strand breaks. Furthermore, we elaborated a new research technique to identify and
validate proteins responsible for ADP-ribose-DNA adducts detection (“readers”) or removal (“eras-
ers”). Our proteomic data revealed that MARylated DNA adducts selectively modulated DNA
recognition of a large number of proteins involved in different cellular pathways. About 90 proteins
including protein complexes were selected as potential MAR-DNA adduct readers. The role of DNA
ADP-ribosylation in non-homologous end-joining (NHEJ) was partially characterized in an in vitro
study. We demonstrated that ADP-ribosylation of DSB terminus can lead to inhibition of blunt DSB
repair by canonical NHEJ if not removed by PARG glycohydrolase. Contrary, presence of a proxi-
mal nick with a stabilized apurinic/apyrimidinic site leads to increased NHEJ efficiency, apparently
in ADP-ribosylation-independent manner. Finally we searched for novel PARP1, PARP2 and
PARP3 inhibitors among derivatives of 1,4-dihydropyridine with DNA binding capacity. Our results
revealed that some of NAD* analogues analogs could be used by PARPs for DNA modification
leading to stabilization of corresponding MARylated and PARylated adducts due to their PARG
hydrolysis activity resistance. Taking together, these data highlight the physiological relevance and
possible biological outcomes of PARP-catalyzed DNA-ADP-ribosylation such as providing a stable
benchmark of the location of a DNA strand break on a chromatin map, recruitement of DNA repair
proteins and inhibition of the toxic NHEJ.
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RESUME

Les poly (ADP-ribose) polymérases dépendantes de 'ADN (PARPs) PARP1, PARP2 et PARP3
agissent comme des détecteurs de cassures d'ADN signalant des dommages a I'ADN. Lors de la
détection des dommages a I'ADN, ces PARPs utilisent le nicotinamide adénine dinucléotide
comme substrat pour synthétiser un monomeére ou un polymére d'ADP-ribose (MAR ou PAR,
respectivement) attaché de maniere covalente au résidu accepteur des protéines cibles.
Récemment, il a été démontré que les protéines PARP1-3 peuvent directement ADP-ribosyler les
cassures d'ADN en attachant les oligoméres MAR et PAR aux phosphates terminaux.

Néanmoins, peu de choses sont connues sur les mécanismes régissant la reconnaissance et la
spécificité du substrat de PARP1, qui représente la majeure partie de l'activité de PARylation
cellulaire, ainsi que sur les protéines responsables de la détection et de I'élimination des adduits
d'ADN ADP-ribosylés et son réle dans une multitude de processus cellulaires. Dans cette étude,
nous avons caractérisé de maniére détaillée la spécificité du substrat (ADN) de PARP1 et des
mécanismes de la PARylation de I'ADN. Nous avons montré que le résidu phosphate 3'-terminal
aux extrémités des cassures de I'ADN double brin servait de site accepteur majeur pour la
PARylation catalysée par PARP1 en fonction de l'orientation et de la distance entre les cassures
du brin d'ADN dans une seule molécule d'’ADN. De plus, une préférence pour ’ADP-ribosylation
des molécules d'’ADN contenant du phosphate 3'-terminal a été observée par rapport a I'auto-ADP-
ribosylation de PARP1, et un modéle de modification de 'ADN par PARP1 a été proposé. Des
résultats similaires ont été observés avec 'enzyme PARP1 recombinante purifiée et des extraits
provenant des cellules HelLa. Ainsi, les effets biologiques de I’ADP-ribosylation médiée par PARP
peuvent dépendre fortement de la configuration des cassures complexes des brins d'’ADN. De
plus, nous avons élaboré une nouvelle approche permettant d’identifier et valider les protéines
responsables de la détection («readers») ou de I'élimination («erasersy») des adduits ADN- ADP-
ribose. Nos données protéomiques ont révélé que les adduits de I'ADN MARYylé modulaient
sélectivement la reconnaissance de I'ADN par un grand nombre de protéines impliquées dans
différentes voies de signalisation cellulaire. Environ 90 protéines, y compris des complexes
protéiques, ont été sélectionnées comme lecteurs («readers») potentiels d'adduits ADN-MARYylé.
Le role de I'ADP-ribosylation de 'ADN dans la jonction d'extrémités non homologues (NHEJ) a été
partiellement caractérisé dans une étude in vitro. Nous avons démontré que I'ADP-ribosylation de
'extrémité de la cassure double brin («DSB») peut conduire a l'inhibition de la réparation de la
DSB bout franc par la voie NHEJ canonique si elle n'est pas éliminée par la glycohydrolase PARG.
Au contraire, la présence d'une coupure («nick») proximale avec un site apurinique /
apyrimidinique stabilisé conduit a une efficacité NHEJ accrue, apparemment de maniére
indépendante de I'ADP-ribosylation. Enfin, nous avons recherché de nouveaux inhibiteurs de
PARP1, PARP2 et PARP3 parmi les dérivés de 1,4-dihydropyridine, ayant une capacité de liaison
a I'ADN. Nos résultats ont révélé que certains analogues de NAD + pourraient étre utilisés par les
PARPs pour la modification de I'ADN conduisant a la stabilisation des adduits MARYylés et PARylés
correspondants, en raison de leur résistance a l'activité d'hydrolyse des PARG. Ensemble, ces
données mettent en évidence la pertinence physiologique et les résultats biologiques possibles de
I’ADP-ribosylation de I'ADN catalysée par les protéines PARPs, tels que la fourniture d'une
référence stable de I'emplacement d'une cassure du brin d'ADN sur une carte de chromatine, le
recrutement de protéines de réparation de I'ADN et l'inhibition du mécanisme NHEJ toxique.
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Neil1/2: Endonuclease VIlI-like 1 and 2

NER: Nucleotide excision repair

NHEJ: Non-homologous end joining

NMN: Nicotinamide mononucleotide

nt: Nucleotide

NUDIX: Nucleoside diphosphates linked to moiety-X
P: Phosphate

PAGE : Polyacrylamide gel electrophoresis

PAR : Poly(ADP-ribose) polymer

PARG: Poly(ADP-ribose) glycohydrolase

PARG:i: PARG inhibitor

PARP: poly(ADP-ribose) polymerase

PAXX: Paralog of XRCC4 and XLF

PBS: Phosphate-buffered saline

PBZ: PAR-binding zinc-finger

PEG: Polyethylene glycol

PK: Proteinase K

PNKP: Polynucleotide kinase phosphate

Pol 8: DNA polymerase theta

RAD51: DNA repair protein RAD51 homolog 1
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Rib: Ribose

RNA: Ribonucleic acid

ROS: Reactive oxygen species

RPA: Replication protein A

SDS: Sodium dodecyl sulfate

SSB: Single-strand break

ssDNA: Single stranded Deoxyribonucleic acid

SVP: Snake venom phosphodiesterase

TA: Toxin-antitoxin

TARG1: Terminal ADPr protein glycohydrolase 1
TBS: Tris-buffered saline

TCR: Transcription-coupled repair

TDG: Thymine DNA glycosylase
TdP-1:Tyrosyl-DNA-phosphodiesterase

TDP2: Tyrosyl-DNA phosphodiesterase 2

Tdt: DNA nucleotidylexotransferase

Tdt: Terminal deoxynucleotidyl transferase

tRNA: Transfer RNA

Trp: Tryptophan

TRPT1: tRNA 2'-phosphotransferase 1

UV: UltraViolet

WB: Western Blot

WT: Wild type

WWE: Trp-Trp-Glu

XLF: XRCC4-like factor

XPA: DNA repair protein complementing XP-A cells
XRCC2: X-ray repair cross-complementing protein 2
XRCC3: X-ray repair cross-complementing protein 3
XRCC4: X-ray repair cross-complementing protein 4
ZAP: Zinc finger antiviral protein
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HEG: Hexaethylene glycol

INTRODUCTION
. CONTEXT

In response to chemical or physical alterations, cascades of molecular events are induced in most
of living organisms, involving specific changes in the cell’s crucial macromolecules, such as pro-
teins, nucleic acids and lipids. These modifications are a variety set of transformations that help to
diversify the limited genome of organisms by addition of chemical moieties, such as phosphate,
acyl (methyl and acetate), small proteins or sugars on proteins and 5-methyl-uracil or 5-
hydroxymethyl-uracil on DNA acceptor groups [1, 2]. DNA damage exposes genome integrity to
serious threat. Highly dynamic post-translational/replicative modifications of proteins/DNA are criti-
cal for DNA damage recognition, signaling and repair [3]. Poly-ADP-ribosylation is a highly con-
served post-translational modification of proteins involved in regulation of cell division, transcrip-
tional regulation and regulation of protein degradation. Poly(ADP-ribose) polymer (PAR) also func-
tions during cell stress responses such as DNA damage, heat shock and the cytoplasmic stress
response [4, 5]. ADP-ribose (ADPr) modifications onto target nuclear proteins including histones
provide an efficient chromatin remodeling mechanism to enable the efficient repair of DNA strand
breaks or in case of severe genotoxic stress, poly(ADP-ribose) polymerase (PARP)-dependent
pathways may direct the cell-initiated programmed cell death. The PARPs family of proteins, of
which there are eighteen known members, catalyzes the synthesis of monomers or polymers of
ADP-ribose (MAR or PAR, respectively) covalently attached to acceptor proteins using nicotina-
mide adenine dinucleotide as substrate [5, 6]. Furthermore, it was shown that Poly-ADP-
ribosylation can interact, modify and regulate “Epigenetic Remodeling proteins” like chromatin insu-
lator proteins such as the transcriptional repressor (CTCF) and DNA-methyltransferase 1 (DNMT1)
affecting DNA methylation machinery, so the right balance between PARP and poly(ADP-ribose)
glycohydrolase (PARG) activities is crucial for maintaining the DNA methylation patterns in normal
cells [7-9]. Interestingly, years ago, specific arthropods and bacterium toxins, were shown to trans-
fer an ADPr moiety to double and single stranded DNA nucleobases in a reversible way [10, 11].
Later on, it has been demonstrated that mammalian PARP1, 2 and 3 act as “DNA Break modifi-
ers®, having the ability to bind to DNA damage sites and modify not only nuclear proteins but ss
and ds DNA breaks termini [12, 13]. Recently RNA was identified as a novel target of reversible
mono-ADP-ribosylation [14].

At present, the role of PARP-mediated ADP-ribosylation of DNA strand break termini remains un-
clear and different from that of proteins. It would be important to examine in this work ADP-
ribosylated DNA breaks role not only in protecting DNA termini from non-specific degrada-
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tion or aberrant error-prone end joining but also in precise recruitment and assembly of PAR/MAR-

guided readers and to focus on the interplay between DNA-ADP-ribosylation and other DNA epi-

genetic signature marks. As well, to characterize the full mechanism of the PARP1 DNA-ADP-
ribosylation; the most abundant PARP in the cell (Figure 1).

DP-ri
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ADP-ribosyltransferases

Figure 1: An overview of substrates, sites and products of ADP-ribosyltransferases.
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. DNA DAMAGE RESPONSE AND GENOMIC INSTABILITY

Genome instability defined as higher than normal rates of mutation caused by an enormous cate-
gory of DNA-damaging agents would be a massive issue for the cell proliferation, viability and sur-
vival. The human genome, like other genomes, encodes information to protect its own integrity.
DNA damage can be repaired by the robust the DNA Damage Response (DDR) pathways other-
wise the cell may trigger apoptosis. Unfortunately, errors may occur. Failure, defect or inactivation
of specific DNA repair and/or checkpoint pathways or DNA editing enzymes may cause dysregula-
tion in the cell-cycle progression and lead to mutations accumulation and to DNA damage being
permanently passed through cell division. This phenomenon can have catastrophic consequences
for age-related diseases such as cancer. Moreover, polymorphisms in DNA repair genes and ca-
pacity may affect cancer development. Thus, the maintenance of genetic stability by acquired en-

zymes that repair DNA anomalies is critical for viability [15-19].

2.1 DNA damage

Human cell is subject to a huge number of heterogeneous lesions per day. Exposition to exoge-
nous agents ‘Carcinogens’, such as X-rays, ultraviolet (UV) light, and various genotoxic chemicals
(alkylating and crosslinking agents), as well to reactive endogenous sources during normal metab-
olism [hydrolytic and oxidative reactions with water and reactive oxygen species (ROS)], or in DNA

repair defectiveness, can cause genetic changes that can promote cancer (Figure 2) [17, 18].

Exogenous agents

Nucleophilic base ring nitrogens/oxygens of guanine, adenine, cytosine, thymine and phosphates
in the DNA backbone are targets for exogenous alkylating agents such as tobacco smoke, bio-
mass burning, industrial processing, chemotherapeutic agents (cyclophosphamide), methyl me-
thanesulfonate, ethyl methanesulfonate, N-methyl -N' -nitro-N-nitrosoguanidine, methylnitro-
sourea, sulfur and the nitrogen mustards. Monofunctional alkylating agents generates mainly N7-
methylguanine and N3-methyladenine, leading to apurinic or apyrimidinic (AP) sites; on the other
hand, bifunctional reactions result in intra- and inter-strand crosslinks, along with the DNA-protein
crosslinks, which block DNA metabolic activity. Converted into ester and sulfate, aromatic amines
attack the C8 position of guanine which creates persistent lesions that ultimately give rise to base
substitutions and frameshift mutations. As well as aromatic amines, Polycyclic aromatic hydrocar-
bon such as naphthalene, anthracene, and pyrene depend on the P-450 system of the liver to acti-
vate and generate reactive intermediates (dibenzo[a,i]pyrene, etc.,) that react with DNA and poses
a major cancer risk to humans. In addition to N-nitrosamines and 4-nitroquinoline 1-oxide, causing

the 8-hydroxyguanine lesion, hydroxylated estrogen at position, produces reactive catechol
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estrogens generating AP sites and strand breakages. After passive diffusion into cells, Toxins (af-
latoxin B1), generates 8,9-dihydro-8-(N7-guanyl)-9-hydroaflatoxin B1, which weakens the glycosid-
ic bond resulting in depurination. Finally cosmetics, pharmaceuticals, food-
products/preservatives/additives (bisphenol A, citric acid , brilliant blue, etc.,) are considered chem-
icals that have health risks, by causing mutagenesis at trinucleotide repeats, which are implicated
in the development of neurodegenerative disorders via the alternative non homologous end joining

(alt-NHEJ) DNA repair pathway as well promoting cancer development [15-18].

Endogenous sources

Despite the importance of exogenous agents as the major source of DNA damage, novel tech-
niques had elucidated and characterized diverse and abundant types of endogenous DNA muta-
tional signatures. Replication errors, DNA base mismatches and topoisomerase-DNA complexes
can occur due to the error prone DNA polymerases a, 3, 0, y, A, REV1, {, n, 1, K, 6, v, 4, Terminal
deoxynucleotidyl transferase (Tdt) and PrimPol (that can carry out lower fidelity DNA synthesis
during DNA replication or repair), strand slippage events (at repetitive sequences) and topoiso-
merase -DNA cleavage complexes stabilization during replication and transcription. Another
source of spontaneous endogenous mutagenesis occurring mainly in single stranded DNA, is
known by ‘Spontaneous base deamination’ where cytosine (C), adenine (A), guanine (G), and 5-
methyl cytosine (5mC) in DNA lose their exocyclic amine to become uracil (U), hypoxanthine, xan-
thine and thymine (T), respectively. Deaminated cytosine is a double-edged sword, while removed
from DNA by uracil-DNA glycosylase, it become a substrate for thymine DNA glycosylase (TDG)
and relatively slow the mismatch repair (MMR) process but on the other hand, deaminated cyto-
sine can be generated during antibody development during the defense against reteroviruses by
the deaminase enzymes such as the activation-induced deaminase (AID) and the Apolipoprotein B
mRNA editing enzyme catalytic polypeptide 1 (APOBEC1). The cleavage of the N-glycosyl bond
between the nitrogenous base and the sugar phosphate backbone is a highly produced DNA muta-
tion that results in the creation of abasic or AP sites by uracil-DNA glycosylase. Next to their im-
portant roles in multiple cellular functions (cellular respiration and redox signaling reactions), the
overabundance of superoxide radicals (*O2-), hydrogen peroxide (H202), and the hydroxyl radical
(*OH), the most conspicuous of the ROS species, leads to the generation of approximately 100
different oxidative bases lesions (by bases attack) such as thymine glycol residues, or-
mamidopyrimidine, 7,8 dihydro-8-oxoguanine (8-oxo-G) as well as 2300 single strand breaks per
cell per hour in mammalian cells (by DNA backbone attack). All during Oxidative DNA damage,
lipid peroxidation by hydroxyl radicals generates two aldehyde products, the malondialdehyde and
4-hydroxynonenal, capable of reacting with adenine, guanine and cytosine. Some post-
translational modification can be, in specific conditions, harmful for the cell. Methylated residues

formed essentially by the S-adenosylmethionine (SAM), such as N7-methylguanine, N3-
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methyladenine, O6-methylguanine, O4-methylthymine, O4-ethylthymine, N3-methylthymine and
N3-methylcytosine are highly mutagenic. Altogether, if left unrepaired, incorrectly
paired/incorporated nucleotides, abasic sites or deaminated/oxidized/methylated bases, can be-
come mutations in the next round of replication and convert into DNA breaks, thus became impli-

cated in human diseases and cancers [15-18].

Oxidative damage

DNA Toxins Electrophiles Ionizing radiation
damaging Alkylating agents UV radiation
agents Base deamination Crosslinking agent
Replication errors Aromatic compounds
Heat Cold Hypoxia
m m
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Abasic sites isbis et Single strand break
Adducts ) Double strand break
Nucleotide excision repair
il vopuié Base excision repair Interstrand crosslink Repair
DNA repair : : . 3
pathways Base excision repair Single strand break repair Single strand break repair

Double strand break repair Double strand break repair

Translesion synthesis

Figure 2: Schematic of various DNA damage-induced DNA repair pathways. Adapted from Chat-
terjee et. al., 2017.

2.2 DNA repair

Multiple DNA repair and damage tolerance pathways involve more than 450 DDR proteins partici-
pating into the removal and toleration of the lesions, thus allowing cell survival. Removal of DNA
lesions are performed by one of two fundamental mechanisms that involve either the reversal of
DNA damage or the excision of damaged elements. In the following section we will represent brief-

ly the main DDR trails as well as the PARP related DNA repair mechanisms (Figure 3).

Base excision repair

Base excision repair (BER), repairs modified bases, by recognizing non-bulky DNA base
lesions, as well as abasic sites and single strand breaks (SSBs). In this repair mechanism
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the DNA helix or the backbone of DNA is not cut out, only the base is cut from the target site [20].
Complementary strand serves as a repair template for BER which is initiated by several glycosyl-
ases (formamidopyrimidine) that produce AP lesions that recruit PARP1, followed by abasic site
cleavage and strand nicking by the AP endonuclease (APE1) [21]. The processing of the nicked
product containing a blocking end by some glycolases such as the Endonuclease VlllI-like 1 and 2
(Neil1/2) or by an AP endonuclease will lead to a 1 nucleotide (nt) gapped product containing
3’phosphate [22]. A DNA strand break must have a hydroxyl on its 3’ end and a phosphate on its 5’
end for ligation to occur. The Polynucleotide Kinase Phosphate (PNKP) is responsible for these
ends during BER. The protein having a kinase domain phosphorylates 5 ends and phosphate do-
main which removes phosphate from 3’ end. Many enzymes that repair the single strand interrup-
tions are: Tyrosyl-DNA-phosphodiesterase (TdP-1) repairs several 3’ blocking termini, Apartaxin
(APTX) end process enzyme which specially repair 5’-adenylate intermediate of DNA ligase activity
after that strand break through DNA synthesis and ligation [23].

This step includes two different types of pathways which are short patch BER and long patch BER
induced respectively by the mono or bifunctional glycosylases. When a single nucleotide is re-
paired, it is called as Short patch and when bulks of nucleotides are repaired, it is called as Long
patch repair. Short patch single nucleotide (80-90% of BER) consist of 1nt gap filling and removal
of 5’-deoxyribosephosphate (5’-drp) by lyases activity of the DNA polymerase B and successive
ligation of the DNA bases by the DNA ligase 1 or complex of DNA ligase 3 and XPCCI. In long
patch it is only initiated when a 5’ blocking lesions occur. The enzyme FEN-1 (Flap endonuclease
1) removes 5’ Flap formed during long patch BER. These endonucleases show a great preference
for a long 5’ Flap adjacent to 1-nt, 3’-Flap. DNA ligase-1 ligates the break in long patch BER. Other
proteins included in BER are poly(ADPr) polymerase 1 involved in X-Ray repair. PARP1 is re-
leased by dense negative charge of PARP, responsible for repair of proteins to the damaged DNA
sites [23].

Nucleotide excision repair

NER removes a variety of forms of DNA damage, including photoproducts induced by UV and oth-
er bulky lesions by excising precise nombre of nt oligonucleotides containing the lesion by a multi-
step process. In the NER mechanism of mammalian DNA, more than 30 proteins are required.
During NER damaged DNA is recognized by the following binding proteins such as the Replication
protein A (RPA), DNA repair protein complementing XP-A cells (XPA) and DNA repair protein
complementing XP-C cells-Transcription factor Il H (XPC-TFIIH), which assemble at the damaged

site randomly [21].

NER consists of two sub-pathways: global genome repair (GGR), which removes damage
in the genome overall and transcription-coupled repair (TCR), which specifically repairs the
Université Paris-Saclay

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



20

transcribed strand of active genes. The main difference between GGR and TCR is the requirement
for different factors during the initial recognition steps. UV- DBB consisting of DNA damage-binding
protein 1 and 2 (DDB1 and DDB2), and XPC- human Rad23 homolog (hHR23B) are involved in
the recognition step of GGR, while TCR is thought to be initiated by RNA polymerase Il stalled at a
lesion. Additional factors required for TCR are CSA and CSB a DCX (DDB1-CUL4-X-box)-ERCC-
8/6 E3 (DNA excision repair protein) complex. The proteins acting further downstream in GGR and
TCR are likely to be identical. First, TFIIH, a complex consisting of nine subunits, is recruited to the
damaged site. At this step the initial recognition factors are probably released from the damaged
DNA. Two subunits of TFIIH, XPB and XPD, exhibit helicase activity of opposite polarity, and un-
wind the DNA around the lesion. The next factors that bind to the damaged site are DNA repair
protein complementing XP-G cells (XPG) and XPA-RPA. XPA-RPA verifies whether the NER com-
plex is correctly assembled and ensures proper incision of the damaged strand. After binding of
DNA repair endonuclease XPF- DNA excision repair protein ERCC-1 (XPF-ERCC1), dual incision
occurs by XPG and XPF-ERCC1, which cut 3’ and 5’ to the damage, respectively. In this way, the
damage is released in a 24-32 nucleotide long oligonucleotide. Repair is completed by DNA syn-
thesis and ligation by DNA polymerase 1 and ligase |. Such step requires numerous energies and
utilizes ATP by forming ADP and Pi [18, 24].

Mismatch repair

MMR is also an excision-based repair system involving mismatch and small insertion/ deletion
loops (IDLs) recognition, excision directed from induced or existing nicks, and synthesis/ligation
[21]. In Escherichia coli, the main players in MMR are DNA mismatch repair protein (MutS, MutL
and MutH). MutH nicks the non-methylated strand and thereby enables discrimination between the
newly synthesized strand and the template. MMR is bidirectional, for example nicking and degra-
dation can occur from either the 5’ or 3’ side of the mismatch [24]. In eukaryotes, several MutS and
MutL homologues are involved in MMR. Humans employ the MutSa heterodimer (MSH2/MSH®6) to
recognize base mismatches and one-to-two nucleotide IDLs, and the MutSB heterodimer
(MSH2/MSH3) to recognize large IDLs. The previously accepted model was that after the lesion
recognition step, the MutS complex translocates along the DNA in an ATP-dependent manner to
make way for the downstream MMR components. Recently, it was shown that MutL can trap MutS
at the mismatch before it forms a sliding clamp. Next, the MutL complexes are recruited on to DNA
and among the 4-known human MutL homologs; the MutLa heterodimer (MLH1/PMS2 heterodi-
mer) plays a major role in MMR. MutLa regulates termination of mismatch-provoked excision, and
its endonuclease activity plays a role in the 3’ nick-directed digestion by the exonuclease 1(EXO1)
in a PCNA-associated factor- Replication factor C subunit (PCNA/RFC) dependent manner. EXO1
also carries out the 5' directed mismatch excision creating a gap that is stabilized by RPA.

POL &, RFC, HMGB1 (high mobility group box 1 protein) and LIG1 (ligase 1) orchestrate
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the final steps of new DNA synthesis and ligation. PCNA plays an important role in both the initia-
tion step of MMR and in the subsequent DNA synthesis by interacting and localizing MutSa/g and
MutLa complexes at the lesion site [18].

Homologous recombination

Double-strand breaks (DSBs) can be repaired by either HR or NHEJ. HR uses a homologous DNA
template and is highly accurate, whereas NHEJ rejoins the broken ends without using a template
and is often accompanied by loss of some nucleotides [24]. The relative contribution of each path-
way depends on the cell-cycle stage, with NHEJ being more active in G1 and HR dominating dur-
ing S and G2 phases. During HR DSBs are converted to 3’ single-stranded DNA (ssDNA) tails,
which are bound by RPA. Processing of DSBs probably requires a complex of double-strand break
repair protein and telomere maintenance protein MRE11-RAD50-NBS1. RAD52 interacts with RPA
and promotes binding of RAD51 to the ssDNA, which may be stabilized by RAD51 paralogues
[RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 (X-ray repair cross-complementing protein 2
and 3) in human, RAD55 and RADS7 in yeast]. Subsequently, the RAD51- bound ssDNA invades
a homologous molecule in a reaction stimulated by RAD54. After DNA synthesis and ligation, two
Holliday junctions are formed and branch migration can occur. The Holliday junctions are finally
resolved by resolvases. HR also represents an error-free subpathway of damage tolerance, allow-
ing replicational bypass of lesions through a template switch. Alternatively, damage tolerance can
be achieved by error-free and error-prone translesion synthesis carried out by specialized DNA
polymerases. HR-dependent lesion bypass may sometimes produce a 3’ flap that can be cleaved
by a complex of crossover junction endonuclease (MUS81-EME1) or resolved by DNA topoiso-
merase 3-alpha- ATP-dependent DNA helicase Q (TOP3-RECQ) [24].

Non-homologous end joining

While HR is the higher fidelity pathway because it utilizes a homologous sister chromatid for repair
it can only be performed during the S and G2 phases due to sister chromatid availability, and thus
NHEJ is the predominant DSB pathway in cells. NHEJ is more error prone and functions to ligate
the two ends together but it is also important for physiological processes such as V(D)J recombina-
tion in lymphocyte during T and B cell maturation [18, 21, 24, 25]. NHEJ is divided in two sub-
pathways: canonical NHEJ (c-NHEJ) and alternative NHEJ (alt-NHEJ).

It relies on recognition of the DSB by the heterodimer of X-ray repair cross-complementing protein
6 (Ku70) and the ATP-dependent DNA helicase 2 subunit (Ku80) in the case of c-NHEJ. This
Ku70/Ku80 heterodimer forms a ring structure completely encircling DNA duplex. Structurally, this
complex also acts as scaffold for the recruitment of XRCC4 (X-ray repair cross-complementing
protein 4) and DNA ligase IV. The three proteins complex Ku-XRCC4-ligae IV is the mini-
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mal complex required for NHEJ as shown by reconstitution in vitro. The DNA dependent kinase
(DNA-PKcs) is activated after binding DNA and Ku complex, phosphorylates several target pro-
teins such as Ku70, Ku80, XRCC4, XLF (XRCC4-like factor), Artemis and DNA ligase IV, and acti-
vates the nuclease Artemis, which plays an important role in processing of DSB ends by the DNA-
PKcs-Artemis complex, resulting in the creation of appropriate ends that can be ligated by a com-
plex containing XRCC4, DNA ligase IV and XLF [18, 21, 24, 25].

The a-NHEJ also known as microhomology-mediated end joining is distinguished from the other
DSB repair mechanisms, by its use of 2-5 base pair microhomologous sequences to align the bro-
ken strands before joining. A-NHEJ occurs during the S-phase of the cell cycle in contrast to the
NHEJ pathway in GO/G1 and early S-phases and HR in late S to G2-phase. It is a Ku- and DNA-
PKcs-independent mechanism which is considered to be initiated by the recognition and binding of
poly(ADPr) polymerase 1 to the DSB site. PARP1 facilitates the recruitment and loading of the
meiotic recombination 11 homolog 1 protein (MRE11), and has been suggested to stimulate a-
NHEJ via the ADP-ribosylation of histone H1. The DSB recognition step is followed by the resec-
tion of DNA ends mediated by DNA endonuclease RBBP8 (CtIP) and the MRN complex (MRE11-
Rad50-Nbs1), where the nuclease activity of MRE11 is essential. Recessed DNA ends can anneal
to each other via microhomology regions as short as 2nt. Pol 8 has been shown to stabilize the
annealing of two long 3’ ssDNA overhangs with a little as 2 base pair (bp) of homology, extending
one 3’ DNA end by using the annealing partner as a template. Nicks are then sealed by DNA lig-
ase lll. Finally, the DNA ends are rejoined by XRCC4-DNA ligase |IV. Defective repair of DSBs can
result in chromosomal instability, which is characterized by rearrangements and loss of chromo-
somes. A number of human syndromes, such as Ataxia telangiectasia (AT) and related disorders,
Nijmegen breakage syndrome (NBS), as well as breast and ovarian cancer caused by mutation of
BRCA1 or BRCA2, are associated with defects in DSB repair. However, these syndromes are a
consequence of defects in regulation of DSB repair (e.g. in checkpoint activation) rather than due
to a direct inactivation of HR or NHEJ [18, 25].

A few specific lesions can also be removed by direct chemical reversal and interstrand crosslink
repair. These repair processes are keys to maintaining genetic stability in cells. Each of the DNA
repair pathways needs to be coordinated with a series of signaling responses that arrest cell divi-

sion or trigger cell death in case the lesions are irreparable.
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A DSB repair: NHEJ and HR
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Figure 3: Five DNA repair pathways. (A) DSBs are repaired by 2 NHEJ and 2 HR subpathways.
Classic NHEJ initiates with broken ends bound by Ku, which protects ends, leading to accurate or
semi-accurate repair. Mutations in classic NHEJ factors shunt DSBs toward alternative NHEJ,
which involves limited resection by MRN/CtIP and annealing via microhomology, yielding inaccu-
rate repair. 53BP1 also serves to increase NHEJ accuracy by blocking MRN/CtIP resection.
PARP1 promotes more extensive end-resection by EXO1 and BLM to reveal ssDNA and promote
HR. RPA binds to ssDNA, BRCA2 mediates replacement of RPA with RAD51, the RAD51 nucleo-
protein filament invades a homologous donor sequence (typically the sister chromatid in S/G2
phase), and repair synthesis extends the invading 3 end, which then anneals with resected end to
provide accurate repair. If long homologous repeats flank the DSB (white boxes), extensive resec-
tion can reveal complementary ssDNA that is annealed in a reaction promoted by RAD52, leading
to deletion of one repeat and DNA between repeats, or translocations if DSBs occur on different
chromosomes. (B) Base damage, often from oxidation, triggers BER. This results in a short re-
paired single-strand segment, also called a patch. Bulky nucleotide lesions, such as thymidine
dimmers from ultraviolet light, are repaired by NER. These involve a long repaired single-strand
patch. Mismatch repair (MMR), used to replace nucleotides mistakenly placed opposite a non-
paired template nucleotide during DNAsynthesis, and involves long excision of single strands and

resynthesis repair patches initiated from existing or induced nicks. Adapted from Shaheen et. al.,
2011.
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lll. SYNTHESIS OF POLY(ADP-RIBOSE) POLYMER AND ADP-
RIBOSYLTRANSFERASES

Nicotinamide adenine dinucleotide (NAD) is a redox agent that can exist in two forms, the NAD*
oxidizing agent and the NADH reducing agent. The NAD is composed of two nucleotides contain-
ing adenine and nicotinamide. ADP-ribosylation refers to the transfer of the ADP-ribose group from
NAD* to target proteins post-translationally [26]. The synthesis of PAR was first reported in the
1960s. It was detected as the incorporation of (14C-adenine)-labeled ATP into the acid-insoluble
fraction by a nuclear preparation from chicken liver. This activity is greatly enhanced by nicotina-
mide mononucleotide (NMN). Soon after its discovery, it was demonstrated that the acid insoluble
product is a homopolymer of (ADP-ribose) [27], which is synthesized by a class of enzymes known
as ADP-ribosyltransferases (ARTs). The addition of ADPr units results in the formation of a chain
where ADPr units are linked together through glycosidic ribose-ribose 1"—2' bonds [28]. The ADPr
can vary in length from a few to 200 — 400 units in vivo and in vitro [29]. The poly(ADPr) polymer
(PAR) can be branched at a frequency of 1 branch per 20-50 subunits of the linear polymer.
Branched polymer can have a very complex structure, including helicoidal secondary structures
which are, at some extent, similar to RNA or DNA [30, 31]. The branching site of PAR was deter-
mined as O-D-ribofuranosyl-(1""—2")-O-D-ribofuranosyl-(1"—2")-adenosine-5',5",5"-
tri(phosphate), also known as Ado (P)-Rib (P)-Rib-P. This site is the sale for the linear and the
branched region of PAR (Figure 4-5) [32].

B Mono-ADP-ribosylation b Multi mono-ADP- e Oligo(ADP-ribosylation) d Linear poly
ribosylation (ADP- ﬂbosylatlon]
€ Branched poly f Multi poly(ADP-ribosylation) 9 Mixed mono-, oligo- and poly
(ADP-ribosylation) (ADP-ribosylation)

(n)
") (n) (n)
E; 8 g; I(n) (n)
(n) (n)
(n)

Figure 4: Possible patterns of ADP-ribosylation on target proteins. a Mono-ADP-ribosylation; a
single ADP-ribose molecule is attached to the protein. b Multi mono-ADP-ribosylation; multiple sin-
gle ADP-ribose units are bound along the protein. ¢ Oligo-A DP-ribosylation; short linear chains of
ADPr are transferred to the protein. d Linear poly-ADP-ribosylation; ADPr moieties forming
a long linear chain up to 200 units in length. e Branched poly-ADP-ribosylation; complex

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



25

molecules composed of large and branched polymers of ADPr. Multi poly-ADP-ribosylation; multi-
ple PAR chains either linear or branched on the same protein. g Mixed ADP-ribosylation; a mixture
of the previously described ADP-ribose patterns on the same protein, generated either by the
combined action of MAR- and PAR transferases or by the degradative action of erasers. Adapted
from Julia O’Sullivan et. al., 2019.

PAR (rather free or attached to proteins) synthesized upon genotoxic stress may undergo biphasic
decay, the most (~85%) of PAR have a half-life of about 40 s and the remaining is catabolized
within approximately 6 min. In contrast, the constitutive fraction of PAR have a much longer half-life
(~7,7 h) [33]. A tight regulation of the level of the polymer in the cell by ADPr-protein hydrolases,
that reverse the reaction by hydrolyzing the protein—~ADPr bond and/ or the bonds between differ-

ent ADPr units of pADPr is important, since its accumulation can have cytotoxic effects [34].
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Figure 5: ADP-ribose moieties synthesis and attachment on acceptor sites of target proteins by
PARPs enzymes using NAD+ as a donor of ADP-ribose units and their cleavage by PAR/MAR
hydrolases. Adapted from Kim et. al., 2005.

ADP-ribosylation is a widespread reversible post-translational modification that occurs on proteins
but also on other macromolecules such as DNA, or small chemical groups and controls a
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vast number of cellular processes [35]. Mono-ADP-ribosylation reactions were originally identified
as an important aspect of bacterial pathophysiology, catalyzed by several toxins including diphthe-
ria (Box 1), pertussis, cholera, and certain clostridial toxins. Subsequently, mono-ADP-ribosylation
was also discovered in bacteriophages and in eukaryotic cells. Poly-ADP-ribosylation was discov-
ered in multicellular eukaryotes and appears to be less widely used compared to mono- ADP-
ribosylation. However recent evidence suggests that it also exists in dinoflagellates and archaebac-
teria. ART encoding genes are found in many eukaryotic species of the animal, plant, fungi, and
protist kingdoms (Table 1) [29].

Table 1: Distinct ART genes in distantly related speciesa. aSummary of the matches of ART genes
found in model organisms with complete or near-complete genome sequences. b,c ART genes
were identified by BLAST searches of the genome and cDNA databases using as queries the DNA
sequences of each catalytic domains of the 17 human poly-ADP-ribose polymerases (PARP1-17)
and each of the 6 mouse ecto-mono-ADP-ribosyltransferases (ART1-5). d Note: the exact number
will most likely change as genome sequences are being fully validated. e >: at least. f Ciliates pos-
sess two nuclei, a germinal nucleus (micronucleus) and a somatic nucleus (macronucleus).
Adapted from Hottiger et. al., 2010.

Species Genome Gene Haploid chromosome Trpt gene Pamp gene e-Mart
size (Mbp) count count count count™ gene count®®
Homo sapiens 3038 ~ 30000 23 1 17 4 (5)
Pan troglodytes 3300 ~ 30000 24 1 17 4 (5)
Equus caballus 2200 ~ 21000 32 1 17 >3°
Bos taurus 3000 ~ 22000 30 1 16 =4°
Canis familiaris 2400 ~ 20000 39 1 17 >4°
Felis catus 3000 ~ 20000 14 1 >16° >4°
Mus musculus 3000 ~ 25000 20 1 16 6
Rattus norvegicus 2750 ~ 21000 21 1 16 5
Gallus gallus 1200 ~ 22000 40 1 >15% >5°
Xenopus laevis 3100 ~ 20000 18 1 15 >2°
Danio rerio 1700 ~ 25000 25 1 16 =3°
Oryzias latipes 700 ~ 21000 24 1 16 >3°
Anopheles gambiae 278 ~ 14000 3 1 =>3° none
Drosophila melanogaster 170 ~ 15000 4 1 2 none
Caenorhabditis elegans 97 ~ 21000 6 1 3 none
Arabidopsis thaliana 119.2 ~ 28000 5 1 =10° none
Oryza sativa 450 ~ 45000 12 1 >3° none
Trypanosoma brucei 26 ~ 10000 1 1 >1° none
Paramecium tetraurelia 120 and 100° ~ 40000 50 and 350° 1 >7° none
Dictyostelium discoideum 34 ~ 12500 6 1 >8° none
Entamoeba histolytica 238 ~ 10000 14 1 >6° none
Schizosaccharomyces pombe 14 ~ 5000 3 1 none none
Saccharomyces cerevisiae 12.8 ~ 6500 16 1 none none
Aspergillus fumigatus 30 ~ 10000 8 1 >1° none
Magnaporte grisea 40 ~ 12000 7 1 >1° none
Neurospora crassa 39.23 ~ 10000 7 1 >1° none

Lower eukaryotes generally contain fewer ART genes, and based on their sequence similarity and
conserved domain structures, all vertebrate ART genes can be assigned to a particular orthologue.
It should be noted that there is no correlation between genome size, chromosome or gene num-
bers and the total number of ART genes in a genome. Sequence and structure homology searches
have identified 22 human genes encoding proteins that encompass an ADP-ribosyl trans-

ferase fold and are thus potentially associated with distinct ADP-ribosylation activities.
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These proteins have been grouped into three major families: (i) the extracellular membrane-
associated ADP-ribosyl transferases (ecto-ARTs); (ii) a single member family of NAD+- dependent
tRNA 2’-phosphotransferases; and (iii) the mammalian poly-ADP-ribose polymerases (PARPSs)
[29].

Structurally, prokaryotic and eukaryotic ARTs are characterized by a conserved NAD+ binding core
(Figure 6) with a central 6-stranded B-sheet [36-39], which include three evolutionary conserved
motifs: (i) The R/H-G-T/S motif, which is located in the first f-strand and is involved in NAD+ bind-
ing, (i) The S-T-S motif, which is located in the second B-strand, is involved in NAD+ binding and
is partially or entirely modified (Y-X-T/S or Y-F/X-A/X) in ATRDs, and (iii) The ARTT loop (also
known as ADP-ribosylating turn-turn), probably involved in substrate recognition, followed by the -
strand 5. Diphtheria toxin, exotoxin A, cholix toxin and all eukaryotic ARTs catalyzing poly-ADP-
ribosylation, the NAD+ binding core contains three evolutionary conserved amino acids known as
the H-Y-E triad, where histidine residue is in B-strand 1, tyrosine residue in B-strand 3 and the
catalytic glutamic acid residue at the front edge of B-strand 5 [36]. In contrast to the turn-turn motif,
the catalytic glutamate is highly conserved across the kingdoms of life. Nevertheless, in bacterial
transferases and some human mono ADP-ribosyl transferases, the H-Y-E is not conserved.

I. H-Y-E Il. H-Y-E variants

Diphtheria toxin PARP10

Overall structure

Active site

Figure 6: Ribbon representation of the conserved NAD+ binding core of ARTs containing the H-Y-
E triad (bacterial toxins and bona fide PARPs) or H-Y-E variant (bacterial transferases and novel
“mono PARP” enzymes). The six consecutive strands of the central 3-s heet are shown in rainbow
colors from the first N-terminal strand in blue to the 6th strand in red. Ligands and conserved resi-
dues/motifs discussed in the text are shown as sticks. TpT = Saccharomyces cerevisiae 2’-
phosphotransferase. Adapted from Hottiger et. al., 2010.
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For the sake of simplicity, we limit our discussion to poly(ADP-ribose) polymerases (PARPs, also
known as ADP-ribosyl transferases diphtheria toxin-like, whose functions are better understood
than other ARTs. Furthermore, we focus on DNA dependent PARPs subfamily.

IV. THE POLY(ADP-RIBOSE) POLYMERASE (PARP) FAMILY

The PARP family includes 17 known members (Figure 7) [29, 40]. Highly divergent PARP homolog
tRNA 2'-phosphotransferase 1 (TRPT1) is sometimes referred to as the eighteenth PARP family
member [41]. According to their structures, PARPs can be subdivided into four subfamilies: DNA-
dependent PARPs (PARP1, PARP2, and PARP3), tankyrases (PARP5a and PARP5b), CCCH
(Cys—Cys—Cys—His) zinc finger and WWE (Trp-Trp-Glu) domain—containing PARPs (PARP7,
PARP12, PARP13.1, and PARP13.2) and macrodomain-containing PARPs (PARP9, PARP14, and
PARP15). Although PARP13 is not yet shown to have a catalytic activity [5], most of PARPs have
the function of transferring mono or poly(ADPr) moieties onto their target proteins [42], DNA [12,
13, 43], or RNA termini [14]. PARPs play a role in a wide range of biological structures and pro-
cesses, including DNA repair and maintenance of genomic stability, transcriptional regulation, cen-
tromere function, mitotic spindle formation, centrosomal function, the structure and function of vault
particles, telomere dynamics, trafficking of endosomal vesicles, inflammation, apoptosis, and ne-
crosis [42, 44] (Table 2 and Figure 8).

PARP1:

The founding member of the PARP family as well as the most ubiquitous and abundant PARP,
PARP1 was the most studied. This 110 kDa nuclear protein is composed of six domains essential
for DNA-binding, nuclear homing, automodification, protein—protein interactions, and catalytic activ-
ity. PARP1 is responsible for 80% to 90% of the PARYylation activity in the cell [45]. Based on the
structure—function relationship studies, PARP1 was initially characterized as a critical player in the
DNA damage response and repair processes under stressful conditions. PARylation can lead to
accelerated dissociation of modified proteins from DNA owing to the negative charge of the PARy-
lated protein and steric hindrance. The best example of this dissociation is PARP1-mediated
PARylation of histone H1 and PARP2-mediated PARYylation of histone H2B; these modifications
cause the dissociation of these histones from DNA and eventually chromatin relaxation required for
replication, transcription, DNA repair [46-48]. Later on, the list of known biological functions of
PARP1 has been expanded: regulation of chromatin structure, transcription, stress responses, and
involvement in various physiological processes [49]. Moreover, the roles of PARP1 under normal
physiological conditions have been further substantiated, e.g., the regulation of gene expression,
RNA biology, and processes in cytoplasm. Recently, PARP1 has been identified as a sensor of
unligated Okazaki fragments—during DNA replication in normal S phase cells—which facil-

itates their maturation [50]. The remaining ADP-ribosylation activity in the cell lacking
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PARP1 (in embryonic fibroblasts derived from PARP1” knockout mice) falls to other active PARP
members, which may or may not share structural similarities or localization with PARP1 but cer-
tainly share a highly conserved catalytic (CD) domain (PARP signature). The latter consists of a
helical regulatory domain (HD) and an ADP-ribosyl transferase domain (ART) responsible for the
catalytic activity, present in PARP2 and PARPS3.

PARP2:

PARP2 was discovered as the enzyme responsible for the basal PARylation activity in PARP1-
deficient cells [51] and accounts for ~10% of the PARYylation activity in the cell. Just as PARP1,
PARP2 recognizes and binds a DSB or SSB. The binding of PARP2 to damaged DNA structures
triggers its PARylation activity. PARP2 has partially redundant functions with PARP1 that are es-
sential for normal embryogenesis. Double-knockout Parp1~-Parp2”- mice show early embryonic
mortality [52]. PARP2 has function, independent of its PAR synthesis activity, which limits the ac-
cumulation of the resection barrier factor 53BP1 at DNA damage sites and directs DSBs toward
resection-dependent repair pathways [53]. Aside from DNA repair, cell cycle regulation and in-
flammation and metabolic regulation, PARP2 acts as a cofactor in transcription and can regulate
the expression of 600 to 1,000 genes by facilitating transcription or via attraction of cofactors pro-

moting chromatin compaction and the consequent inhibition of transcription [54-57].

PARP3:

PARP3 is related to PARP1 and PARP2 and its domain organization is similar to that of PARP2,
but PARP3 catalyzes MARylation instead of PARylation [40]. Similar to PARP1 and PARP2,
PARP3 is an important player in cell cycle regulation and DNA repair [58]. This PARP interacts
with PARP1, DNA ligase Ill, Ku70/80 other NHEJ proteins and promotes processing DSBs in the
canonical NHEJ pathway [59]. Other than its role on the DNA damage response and repair,
PARP3 has also been reported to associate with Polycomb group proteins involved in transcrip-

tional silencing and chromatin-remodelling [60].

Besides the PARP1-3 proteins, which become active upon binding to DNA breaks, other PARP
family members also play significant roles in the maintenance of genomic stability, transcriptional
regulation, centromere function, mitotic spindle formation, centrosomal function, the structure and
function of vault particles, telomere dynamics, trafficking of endosomal vesicles, inflammation,

apoptosis, and necrosis [35].

PARP4:
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PARP4 (also called VPARP or ARTD4) is a component of the cytosolic ribonucleoprotein vault
complex [35] and is also present in cytoplasmic clusters (VPARP rods) as well as in the nuclear
matrix [6]. The conserved glutamate residue in PARP1 is replaced with isoleucine, leucine, or tyro-
sine in PARP4, which is associated with the absence of polymerase activity [61]. It was proposed

that PARP4 may be involved in an antiviral response [28].

PARPS:

PARPs 5a and 5b (tankyrases) were initially identified as a part of a telomeric complex but are also
located in the cytoplasm as peripheral membrane proteins localized to the Golgi complex and are
associated with transport vesicles [6]. They are best known for their participation in mitosis and
WNT signaling, but they also have functions in telomere and DNA damage repair [35]. Recently, a
possible link between tankyrases and the DNA damage response has been proposed. On the one
hand, tankyrases associate with DSBs to facilitate the recruitment of the CtIP-BRCA1 complex to
damaged chromatin and to promote DNA end resection during homologous recombination (HR);
on the other hand, tankyrases associate with DSBs to stimulate the recruitment of the BRCA1A
complex (consisting of RAP80—BRCA1-BRCC36—-CCDC98) mediated by MERIT40 and activate
the G2—M checkpoint for promoting DNA repair before mitosis [62].

Other PARPs (6-16)

PARP6 has been found to be involved in hippocampus neuronal development [35]. Moreover, it
plays a role in cell cycle progression and has been associated with the progression of colorectal
cancer [28]. Of note, the biological activity of PARP6 depends on its catalytic activity as well as its
N-terminal cysteine-rich domain [61]. Several PARPs (PARP7, PARP10, PARP12, and PARP13)
are involved in the mechanisms of post-transcriptional regulation of mMRNA; the latter process is
mediated either by RNA-binding domains or by ADP-ribosylation of RNA-binding proteins [35].
PARP7, present in stress granules [6], is involved in antiviral effects, cytosolic RNA processing,
and transcription [54]. PARP10 is a binding protein and an inhibitor of MYC [28] and has been im-
plicated in the regulation of NF-[1B, GSK3B, and transcription [35]. PARP10 directly ADP-
ribosylates NEMO. These events lead to the inhibition of nuclear localization of the p65 subunit of
NF-kB and to subsequent attenuation of NF-kB—dependent gene expression [61]. PARP12 is a
catalytically active cytosolic monoenzyme [62], which preferentially associates with the Golgi appa-
ratus and regulates stress granule assembly, microRNA activity, and an antiviral response [28].
Intracellular expression of PARP12 increases upon stimulation by type Il interferons, thereby lead-

ing to increased NF-kB signaling, implicating PARP12 in cellular immune responses [61]. PARP13,
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also referred as ZAP (zinc finger antiviral protein), has been so far regarded as a catalytically inac-
tive ART with the roles in the assembly of stress granules and regulation of microRNAs, with con-
sequent implications in innate antiviral defense and cancer [28, 62].

PARP9 and PARP14 are believed to act on transcription, especially the transcription of genes re-
quired for macrophage activation [35]. PARP9 possesses a unique MARylating activity specifically
targeting the ubiquitin peptides and particpates in the DNA damage response, transcription in lym-
phocytes, and an antiviral response [28]. PARP14 has been implicated in multiple cellular functions
such as survival of B cells, cell migration, assembly of stress granules, transcription during inflam-
mation processes, the DNA damage response, and an antiviral response [28]. PARP14 regulates
the class distribution, affinity repertoire, and recall capacity of antibody responses, which require
efficient differentiation and interactions among B cells, T helper cells, and dendritic cells [61]. Con-
currently with its nuclear pore localization, PARP11 modifies targets involved in the coordination of
the nuclear envelope and organization of nuclear pores and nuclear envelope biology [28, 35].
PARP15 is a centrosomal PARP involved in stress granule formation, an antiviral response, cyto-
solic RNA processing, and tumor formation [28, 61]. PARP16 is located in the endoplasmic reticu-
lum (ER) and regulates the unfolded protein response [28, 35]. Researchers found that PARP16 is
a tail-anchored ER protein that is inserted into the ER membrane through a C-terminal transmem-
brane domain, whereas, the N-terminus of PARP16, which contains the catalytic domain, faces the
cytoplasm. Moreover, both the PARP16 protein and its catalytic activity are required for the ER
stress response because they regulate the unfolded protein response signaling pathway [61]. Cel-
lular localization of other PARPs (PARP8 and PARP17) and their involvement in biological pro-

cesses remain unknown.
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Figure 7: Schematic domain architecture of the seventeen members of human PARP superfamily.
Adapted from E.Barkauskaite et. al., 2005.

Moreover, some PARP family members can interact with each other, e.g., PARP1 with PARP2 or
PARP3 as well as tankyrase 1 with tankyrase 2 [47]. This type of heterodimers may occur in differ-
ent subcellular compartments and act on different substrates, which monomeric PARPs could not
otherwise target individually. This observation may highlight a new organizational order for PARPs

that may greatly diversify their biological responses, via combinatorial interactions.

Excessive ADP-ribosylation can lead to the activation of cell death pathways, including parthana-
tos, a unique form of programmed cell death that occurs independently of caspases and is distinct
from necrosis and apoptosis [63]. Due to its manifold role in cell survival, the protein PARYylation
process is finely regulated. PAR is rapidly degraded by PAR glycohydrolase (PARG), the main

enzyme that specifically hydrolyses ribose-ribose bonds that is encoded by a single gene
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in mammals [64]. Disruption of the PARG gene in mice causes embryonic lethality and studies of
PARG-deficient cells have shown that accumulation of PARylated macromolecules is highly toxic
to the cell [65, 66]. Nevertheless, PARG has rather limited processivity on short PAR polymers and
unable to remove MARYylation marks from proteins [67]. A complete reversal of MARYylation is per-
formed in human cells by amino acid—specific ADPr-acceptor hydrolases, such as macrodomain-
containing proteins MacroD1 and MacroD2, terminal ADPr protein glycohydrolase 1 ((TARG1), and
ADP-ribosyl hydrolase (ARH) family members ARH1 and ARH3 (reviewed in [68]).

Although the field was initially focused primarily on the biochemistry and molecular biology of
PARPs in DNA damage detection and repair [59, 62, 69-77], the mechanistic and functional under-
standing of the role of PARPs in different biological processes has grown considerably of late. This
has been accompanied by a shift of focus from enzymology to a search for substrates as well as
the first attempts to determine the functional consequences of site-specific ADP-ribosylation on
those substrates. Supporting these advances is a host of methodological approaches from chemi-
cal biology, proteomics, genomics, cell biology, and genetics that have propelled new discoveries
in the field. New findings on the diverse roles of PARPs in chromatin regulation, transcription, RNA
biology, and DNA repair have been complemented by recent advances that link ADP-ribosylation
to stress responses, metabolism, viral infections, and cancer. These studies have begun to reveal
the promising ways in which PARPs may be targeted therapeutically for the treatment of disease
[61]. For a more detailed description of PARPs biological role, reader is referred to following re-
views ([6, 26, 49, 54, 58, 61])
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Table 2: Localization and Function of PARP Enzymes. Adapted from Peter Bai, 2015.

PARP Enzyme  Cellular Localization Biological Process

PARP-1 Nucleus Aging; antiviral effects; cell cycle regulation;
chromosome structure; differentiation; DNA
repair; inflammation; metabolic regulation;
proteasomal degradation; RNA processing;
transcription

PARP-2 Nucleus Chromosome structure; DNA repair; cell
cycle regulation; inflammation; metabolic
regulation; transcription

PARP-3 Nucleus Cell cycle regulation; DNA repair

PARP-4 Nucleus; exosomes; cancer biology; vault biology

(vPARP) cell membrane; spindle

PARP-5a Nucleus; telomeres; Golgi; Antiviral effects; cell cycle regulation;

(TNK1) cytoplasm cytosolic RNA processing; inflammation;
metabolic regulation; mitotic spindle
formation; telomere maintenance

PARP-5b Nucleus; telomeres; Golgi; Inflammation; metabolic regulation;

(TNK2) cytoplasm telomere maintenance?

PARP-6 Cytoplasmic? cell proliferation

PARP-7 Nucleus (?7); cytoplasm (7?) Antiviral effects; cytosolic RNA processing;

(TIPARP) transcription

PARP-8 Unknown Unknown

PARP-9 MNucleus; cell membrane; Cell migration; tumor formation

cytoplasm (?)

PARP-10 Nucleus; cytoplasm Cell proliferation; transcription; cytosolic
RNA processing; antiviral

PARP-11 Unknown Unknown

PARP-12 Cytoplasm Antiviral effects ; cytosolic RNA processing

PARP-13 Cytoplasm Cytosolic RNA processing

PARP-14 Nucleus; cell membrane Inflammation; metabolic regulation; nuclear
RNA processing; transcription; tumor
formation

PARP-15 Cytolplasm Cytosolic RNA processing; tumor formation

PARP-16 Cell membrane; Unfolded protein response

endoplasmic reticulum
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Figure 8: Schematic representation of the PARP family localization and function. PARPs have
been linked to nearly all major cellular processes. Juxtaposition of protein identifiers (e.g. 1 =
PARP-1) indicates the involvement of the protein in the regulation or e xecution of the cellular pro-
cess. Enzymatic activity is indicated by the bubble color: blue = poly(ADP-ribosyl)transferase, red =
mono(ADP-ribosyl)transferase, green = no transferase activity. Adapted from Casey M. Daniels et.
al., 2015.
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V. PROTEIN ACCEPTORS FOR (ADP-RIBOSYL)ATION

Despite PARPs’ different biological functions, over decades, little has been known about ADPr
acceptors. Starting from the protein PARylation discovery, for ADP-ribosylated proteome analysis,
researchers have applied chemical (high pH, hydroxylamine) or enzymatic sensitive methods
(based on ARH1, PARG, ARH3, SVP, or NudT16) to quickly release the ADPr groups from modi-
fied residues. Hayaishi’s group provided one of the first mechanistic insights into PAR synthesis.
They demonstrated that in the rat liver, ADPr binds to histone H1 through an ester linkage with
either a y-carboxyl group of glutamic acid residue 2 or 14 or with an a-carboxyl group of C-terminal
lysine residue 213 [78]. Linker histones H1 and H5 are known to be primary targets for PARP1-
catalyzed PARylation, whereas PARP2 and PARP3 preferentially ADP-ribosylate core histone H2B
[79-81]. PARP3 preferentially adds a mono ADPr moiety on Glu2 of histone H2B after DNA dam-
age [80]. Until 2017, it had been generally thought that PARP-catalyzed auto-PARYylation and ADP-
ribosylation of other proteins occur predominantly on aspartates, glutamates, and lysines [82-84].
Nonetheless, conventional approaches have to overcome many limitations, such as the dynamic
heterogeneous nature of protein ADP-ribosylation, low abundance, lability of some sites, and
chemical or enzymatic resistance of other ADPr acceptor sites. The evolution of methods for the
detection of MAR/PAR attachment sites has led to the use of mutagenesis assays as well as NAD*
analogs, unbiased enrichment strategies, chemotherapeutic PARP inhibitors, advanced mass
spectrometry (particularly based on electron-transfer higher-energy collisional dissociation), and
quantitative proteomic techniques [85-88]. Investigators have uncovered modification of more than
7000 ADP-ribosylation sites across more than 2000 ADP-ribosylation target proteins covering over
one-third of the nuclear proteome under genotoxic stress conditions [88]. Upon DNA damage, ser-
ine (Ser) becomes the major (=90%) ADPr acceptor residue with the most easily identifiable sig-
nals related to the modification of histone proteins as well as PARP automodification [86, 88]. His-
tones are MARylated selectively on serine residues of histone H3 (Ser10 and Ser28) and Ser6 of
H2B unless the neighboring lysine residues are acetylated [86, 89]. Notably, Ser ADP-ribosylation
sites strongly overlap with known kinase-regulated sites (Aurora B and others) [88]. ADP-
ribosylation and phosphorylation of these serine residues are considered mutually exclusive [89],
suggesting a complex interplay between histone marks. The major hydrolase responsible for the
reversal of the Ser-ADPr modification is ARH3 [90, 91]. ARH3-deficient cells show a dramatic in-
crease of PAR content in response to hydrogen peroxide exposure with induction of an AIF release
from mitochondria and parthanatos [91, 92]. Moreover, the specificity of ADP-ribosylation is regu-
lated by different factors. HPF1 (histone PARYylation factor 1) interacts with PARP1 and
PARP2 and guides the ADP-ribosylation of PARP1 and high-mobility group proteins
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through a serine residue [85]. In HPF1’s absence, acidic residues (Asp and Glu) become the main
target sites for ADPr in proteins. Hundreds of ADP-ribosylation sites are also located on histidine,
arginine, lysine, cysteine, and tyrosine residues [88, 89, 93]. It is still possible that further develop-
ment of proteomic tools will allow researchers to detect new types of modifications, such as an
acid-labile ADPr adduct of phosphoserine residues. This chimeric modification was noted in his-
tones from the rat liver more than 40 years ago [94], but the enzymes responsible for its formation
are still unknown. The diversity of ADPr substrate amino acids has revealed the importance of this
PTM in cell signaling and survival and thus the necessity of its regulation.

VI. ACTIVATION OF DNA DEPENDENT PARPs

DNA is the template for the basic processes of replication and transcription. Human cell is subject
to approximately 70,000 lesions per day, making the maintenance of genetic stability critical for
viability [95, 96]. DNA damage can be categorized into two main classes based on its origin: en-
dogenous (Oxygen radicals, Hydrolysis, Alkylating agents) and exogenous (lonizing radiation, X-
rays, Anti-tumor drugs, UV-light and chemicals. DNA damage is rapidly sensed and activates evo-
lutionarily conserved signaling pathways, known collectively as the DNA-damage response (DDR),
whose components can be separated into four functional groups: damage sensors, signal trans-
ducers, repair effectors, and arrest or death effectors [97]. DNA dependent PARPs subfamily is
recruited to nicks and DSBs in genomic DNA in response to DNA damage and is a critical mediator
of DNA damage repair [98, 99]. Majority of PARP proteins consist of multiple independent domains
connected by flexible linkers [100]. PARP1 uses the two zinc finger domains ZnF1 and ZnF2 to
bind with exposed bases at the DNA damage site [101], while PARP2 binding to damaged DNA
consist on a short N-terminal domain that compensate the lack of zinc fingers [57]. DNA breaks
sites binding and recognition induces the reorganization of PARPs domains structures, promoting
extensive inter-domain contacts and allosteric activation, by unfolding of an auto-inhibitory helical
domain (HD), which then allows NAD+ binding necessary for ADP-ribosylation activity [99, 100,
102, 103]. Notably, PARP-2 and PARP-3 require 5' phosphorylation at the DNA breaks for activa-
tion [56]. Contradictory hypothesis interprets the abundance of PARP1 enzyme in single macro-
molecule or in complex, taking into account the auto-ADP-ribosylation activity in presence or ab-
sence of DNA. One hypothesis claims that the auto-modification activity requires dimerization of
PARP1 molecules, on the other hand, some researchers opposing views proposed monomeric
recognition of the damaged DNA and cis(self)-PARylation reaction of PARP1 [104]. A study of Liu,
L., et al indicates that PARP1 binds to DNA damage sites as a monomer; activated and in pres-
ence of NAD, PARP1 undergoes auto-PARYylation [105], paradoxically a 2019 study of Kouyama,

K., et al. provided data for the first structural evidence of dimeric full-length h-PARP1 with-
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out DNA molecule. The tentative model suggested the dimer would represent a DNA-unbound con-
figuration [104], moreover PARP1 has been shown to be able to dimerize and be activated at DNA
breaks via formation of an intermolecular complex involving a protein-protein interaction between

ZnF1 and ZnF2 domains from separate molecules [1086].

VI. PARPs ACTIVATION AND INHIBITION VIA DNA INDEPENDENT
PATHWAYS

As shown previously, PARP1-3 can be activated by specific DNA damages or particular types of
DNA structure (hairpins, cruciforms and supercoiled DNA) [107, 108] (Table 3). Starting in the
2000, the role and physiological functions of PARPs had been enlarged by different studies show-
ing that these proteins can act independently of the presence of DNA and can be activated by pro-
tein-protein interaction, post-translational modifications and also specific type of RNA structures [6,
54, 58, 109, 110]. In vitro, PARP1 was shown to be activated by its C-terminal domain association
to nucleosome core histones (H1, H3 and H4) octamers lacking DNA [107, 111]. As well PARP1
has been shown to be activated by physical interactions with phosphorylated ERK an extracellular
signal-regulated kinase that mediates growth and differentiation, CTCF a transcriptional repressor,
known as CCCTC-binding factor, also with the nicotinamide mononucleotide adenylyltransferase1
(NMNAT 1) one of the PARPs substrate provider, with topoisomerase |l during transcription or adi-
pogenesis, with transcription termination factor (TTF) I-interacting protein 5 (TIP5 and BAZ2A) and
recently with human tyrosyl tRNA synthetase (TyrRS) [8, 112-116]. Over and above physical inter-
actions, PARP1 can be activated by different post-translational modification, such as its phos-
phorylation by ERK1/2 at Ser 372 and Thr 373 [117], by JNK1 at undetermined sites [118], and
Cyclin-dependent kinase CDK2 [119] as well tankyrase can also bind IRAP (insulin responsive
amino peptidase); phosphorylation by MAPK enhances the poly(ADPr) polymerase activity of
tankyrase [120]. Moreover p300/CBP (histone acetyl transferases) or PCAF acetylation at Lys 498,
Lys 505, Lys 508, Lys 521, and Lys 524 activates PARP1 [121, 122] as well as its SUMOylation by
SUMO E3 ligase PIASg at Lys 203 and Lys 486 and ubiquitylation by ubiquitin E3 ligase RNF146
(Iduna) [110]. Recently it was shown that in addition to their physically association with PARP1,
PARP3 and SIRT6 can both activate PARP1 by its mono-ADP-ribosylation at specific sites (Lysine
521) [123, 124]. The well-known methyltransferase SET7/9 was able to activate ARTD1 by its
methylation at K508 in vitro and in vivo upon cellular stress [125]. In addition to PARP1 and Tanky-
rase, a new PARPs family member has been shown to be activated by a DNA damage independ-
ent way. By its SAP domain, ARTD2 bind RNA in nucleoli during genotoxic stress, activates and
stimulates PAR formation [126].

Affecting different cellular pathways, most of these types of DNA independent PARPs activation

are also finely regulated by the binding to specific loci or in reversible way. PARP 1 inacti-
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vation was observed upon binding to the histone variant macroH2A1.1 [127] as well PARP-1 is

inhibited by self-PARylation, deacetylase or sumoylation [54].

Table 3: DNA dependent and independent activation pathways of the PARP family masters

(PARP1-3).
Type of acti- Activator Activated References
vation PARP
non-B DNA structures (hairpins, cruciforms, and loops) PARP1 [107, 108]
Nucleic acids DNA breaks: nicks, gaps, flaps, DSB PARP1-3 [56, 98-100,
binding 102, 103]
small nucleolar RNA PARP1 [128]
Short rRNA and other single-stranded RNAs PARP2 [126]
PAR polymer PARP2 [129]
Nucleosomes and histones [130, 131]
Phosphorylated extracellular signal-regulated kinases, ERK [112]
Protein- Nicotinamide mononucleotide adenylyltransferase 1, NMNAT1 [113]
Protein in-
teractions CTCF PARP1 [8]
TET1 [132]
TOPO2 [114]
Bromodomain adjacent to zinc finger domain 2A, BAZ2A/TIP5 [115]
Human tyrosyl tRNA synthetase, TyrRS [116]
phosphorylation at Ser372 and Thr373 [117]
(by extracellular signal-regulated kinases, ERK1/2)
phosphorylation at Tyr907 (by c-Jun N-terminal kinase, JNK1/ MAPKS ) [118]
phosphorylation at Ser782, Ser785, and Ser786 [119]
(by cyclin-dependent kinase, CDK2)
acetylation at Lys498, Lys505, Lys508, Lys521, and Lys524 [121]
Post- (by E1A binding protein, p300/ CREB-binding protein CBP)
translational
modifications acetylation of 1-214 and 477-525 aa regions PARP1 [122]
(by P300/CBP-associated factor, PCAF)
MARylation by PARP3 [123]
MARylation at Lys 521 (by Sirtuin 6, SIRT6) [124]
phosphorylation at Thr420, Thr622, Thr656 (by checkpoint kinase 2, [133]
CHK2)
methylation at K508 (by Histone-lysine N-methyltransferase, SET7/9) [125]
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VIIl. READERS OF (ADP-RIBOSYL)ATED TARGETS

ADP-ribosylation is a PTM of proteins: it induces the recruitment of the protein (such as TET [134],
p53 [135], NF-kpB [136]) or modulates its activity by covalent or noncovalent binding. Aside from
protein modification, ADP-ribosylation is also involved in signaling as well as protein—protein or
protein—DNA interactions [137]. PARylation as a PTM directly regulates many cellular pathways
such as transcription, chromatin modification, and DNA damage and oxidative-stress signaling.
Proteins may have a PAR- or MAR-recognizing domains that bind to PAR polymers or MAR moie-
ties [49]. Depending on the nature of recognition, different proteins have different motifs. For in-
stance, a PAR-binding motif (PBM) is believed to engage in an electrostatic interaction with nega-
tively charged PAR chains [137, 138], whereas a PAR-binding zinc finger (PBZ) recognizes two
consecutive ADPr moieties although some can also recognize only one ADPr of a PAR chain [139-
141]. Similarly to PBZ, WWE requires two consecutive ADPr units for its successful binding; hence,
it interacts with iso-ADPr formed by both ADPr units [142]. FHA (fork head—associated) and BRCT
(BRCA1 C-terminal) are protein domains that are mostly known to interact with phosphorylated
peptides but also have affinity for PAR chains [143]. The latter interaction seems to be similar to
that of WWE domain or PBM, respectively. Another class of ADPr-recognizing domains is macro-
domains. Unlike other domains, macrodomains interact with mono-ADPr or the terminal ADPr of
PAR chains in the case of H2A1.1 [144]. There are also RNA- and DNA-binding motifs that unex-
pectedly recognize PAR ADPr moieties (Figure 9) [145].

8.1 The PBM

The consensus sequence of a PBM is ([HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-[FILPV]), i.e., approx-
imately 20 residues. The positively-charged—amino acid content of a PBM allows for an electrostat-
ic interaction with highly negatively charged PAR polymers. PBMs have been detected in more
than 800 proteins in silico, and >500 hits have been obtained in proteomic analysis [137, 138].
PBMs are often found in many DNA damage response proteins and other proteins that are includ-
ed in the ADPriboDB database of ADP-ribosylated proteins [146], suggesting that PAR binding
promotes PARYylation. For example, tumor protein p53 (p53, TP53) can bind to PAR polymers both
in a covalent or noncovalent manner. TP53 contains multiple PBMs. Hence, Fishbach et al. sug-
gest that TP53 gets covalently PARylated upon a noncovalent interaction between a PBM located
in a C-terminal domain of TP53 and PARylated PARP1 [135]. They demonstrated that noncovalent
PAR binding diminishes the sequence-independent DNA-binding capacity of TP53. Nerveless,
simply having a PBM seems to be insufficient for PAR binding. Thus, the entire BRCT domain of
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XRCC1—rather than a short PBM—is required for its affinity for PAR [143].

8.2 The PBZ

The PBZ is a C2H2 zinc finger domain consisting of approximately 30 amino acid residues. The
PBZ domain has a consensus sequence of [K/R]-X-X-C-X-[F/Y]-G-X-X-C-X-[K/R]-[K/R]-X-X-X-X-H-
X-X-X-[F/Y]-X-H and so far has been discovered in three proteins: APLF (aprataxin and PNK-like
factor), CHFR (checkpoint with forkhead-associated and ring domain), and CTCF [145]. Unlike
CHFR, APLF contains two PBZ domains. Accordingly, one of the two PBZ domains identified in the
APLF protein interacts with two consecutive ADPr units, whereas the second PBZ domain is
thought to bind to the 3 ADPr unit likely on a branched PAR polymer or terminal poly-ADPr. The
PAR recognition by APLF induces its histone chaperone activity for the release of histones H3 and
H4 and chromatin relaxation [129, 147].

8.3 Macrodomains

Macrodomains are mono-ADPr—recognizing domains [144]. One of the well-studied macrodomains
is histone variant macroH2A1.1. In addition to MAR, macroH2A1.1 can recognize PAR polymers
via their terminal ADPr unit. MacroH2A1.1 participates in metabolic regulation and energy produc-
tion by inhibiting PARP1 activity and decreasing its nuclear NAD* consumption [148].
MacroH2A1.1-PARP1 interaction is also involved in gene regulation, for instance, in the response
to heat shock stress and during expression regulation of senescence-associated secretory pheno-
type genes or genes participating in adipocyte differentiation and metabolic regulation during mus-
cle differentiation [149]. Another macrodomain-dependent chromatin-remodeling factor is ALC1.
This is an inactive ATPase and one of the chromatin remodelers that activates upon DNA damage.
During DSB repair, MacroH2A1.1 [150] and ALC1 [151] take part in chromatin remodeling in a
macrodomain-dependent manner. PARP family members PARP9, PARP14, and PARP15 have
both the MARYylation activity and a macrodomain interacting with MAR [144, 152, 153]. PARG,
TARG1, and MACROD1-3 ADPr-hydrolases also contain macrodomains [154].

8.4 The WWE domain

This domain contains two conserved tryptophans and a glutamic acid residue, hence its name, and
in total is approximately 80—100 residues long [155, 156]. It recognizes iso-ADPr moieties between
two consecutive ADPr units. For instance, E3 ubiquitin-protein ligase RNF146 (a.k.a. Iduna) is one
of the first proteins found to have a WWE PAR-binding domain [142]. It has been clearly demon-
strated that the WWE domain specifically recognizes ribose-ribose glycosidic bonds within a PAR
polymer, not a single ADPr unit [142]. The WWE domain is reported to be present mostly in E3
ubiquitin-protein ligases (DELTEX1, DELTEX2, DELTEX4, and HUWE1) and in two PARPs
(PARP11 and PARP14) [142].
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8.5 FHA and BRCT domains

These domains play a huge part in cellular responses to DNA damage by recognizing phosphory-
lated peptides [157, 158]. It has also been discovered that FHA and BRCT domains can recognize
PAR polymers. Similarly to the WWE domain, the FHA domain binds iso-ADPr of PAR chains by
recognizing the two phosphate groups on ADPr moieties, whereas the BRCT domain directly rec-
ognizes ADPr of a PAR chain [143]. The latter phenomenon is possibly due to the phosphate
groups on ADPr, which mimics the phosphorylated serine residue recognized by the BRCT domain
[159]. ADPr recognition by an FHA or BRCT domain facilitates rapid recruitment of DNA damage
response proteins: PNKP and aprataxin by the FHA domain and ligase IV, XRCC1, and the
BRCA1-BARD1 complex by the BRCT domain [143, 159-161]. For example, aprataxin contains
three domains, which are all necessary for its DNA adduct detection and catalytic activity: the FHA,
PAR-binding and protein—protein interaction domain; the HIT (histidine triad) catalytic domain; and
the C2H2-type zinc finger DNA-binding domain [143, 162]. Aprataxin catalyzes the release of ade-
nylate groups covalently linked to 5'-phosphate termini, resulting in the formation of 5’-phosphate
termini that can be efficiently ligated [163]. Aprataxin interacts with XRCC1 and XRCC4, which are
needed for ligases Ill and IV, respectively, to finalize the repair of DNA damage (BER and NHEJ,
respectively) by ligation [163]. In addition to XRCC1, aprataxin interacts with PARP1, which pro-
motes the recruitment of aprataxin to the sites of DNA breaks [164, 165].

8.6 RNA- and DNA-binding motifs (RRM, SR repeat- and KR-rich motif, OB fold, PIN do-
main, and GAR domain)
Of note, RNA- and DNA-binding motifs can also bind to PAR. Although this is not very surprising
because PAR chains have a structure similar to that of oligonucleotides. NONO, an RNA-binding
protein, is believed to increase survival during DSB repair although its function is not yet clear; its
recruitment is PARP1 dependent. RRM (RNA recognition motif) of NONO recognizes PAR, thereby
facilitating the recruitment of NONO to a DNA damage site [166].

It has been shown that splice factors ASF/SF2, SF3A1, SF3B1, and SF3B2 can recognize PAR
chains via their SR (serine/arginine) repeats [167, 168]. PAR binding to splicing factor ASF/SF2
inhibits its phosphorylation by TOPOI (DNA topoisomerase |) and activity [167], indicating the in-
volvement of PARPs and PAR chains in RNA stability and metabolism [169]. In a similar context,
upon heat shock, KR (lysine/arginine)-rich repeats of the Drosophila Mi-2 protein bind PAR chains
thus leading to Mi-2 recruitment to heat shock—responsive genes [170]. Recently, it was also prov-
en that a homolog of Mi-2, human chromodomain helicase DNA binding protein 4 (CHD4), which is
a component of chromatin-remodeling complex NURD (nucleosome remodeling deacety-

lase), has PAR-binding properties. Of note, the PAR-recognizing domain is in the N-
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terminal region of CHD4 that has structural similarities to a DNA-binding module called the high-
mobility group (HMG) box [171, 172].

Oligonucleotide/oligosaccharide-binding fold (OB fold) is an ssDNA- and RNA-binding motif. The
OB fold in human ssDNA-binding protein 1 (hSSB1) is reported to also serve as a PAR-binding
motif (in addition to its ssDNA-binding ability), mediating this protein’s translocation to a DNA dam-
age site and an interaction with other DNA damage repair proteins. Just as WWE and FHA do-
mains, the OB fold recognizes iso-ADPr of PAR chains [173].

Proteins with PIN (PilT N terminus) domains are mostly nucleases cleaving ssDNA or ssRNA
[174]. Exo1 is one of PIN domain—containing exonucleases in eukaryotes and cleaves ssDNA in
the 5'-to-3' direction [174]. Exo1 is an enzyme essential for cellular responses to DNA damage and
DNA replication [175]. In particular, during DNA damage repair, the PIN domain of Exo1 was found
to recognize DNA damage—induced PARs, and this even is rather sufficient for its recruitment to
the DNA damage site [176].

GAR (or RG/RGG box) is another PAR-binding domain and consists of a sequence enriched in
arginine and glycine. Cold-inducible RNA-binding protein (CIRBP) has both a C-terminal GAR do-
main and an N-terminal RRM motif. Although CIRBP belongs to the family of RNA-binding pro-
teins, it performs an important function in genomic stability and DNA repair. It has been suggested
that upon DNA damage, the GAR domain recognizes DNA damage—dependent PARs and medi-
ates the association of the ATM—MRN complex with chromatin [177]. There are several other RNA-
binding proteins with GAR domains known to recognize PAR chains during DNA damage respons-
es, e.g., FUS/TLS, EWS/EWSR1, and TAF15 [145].
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Figure 9: Schematic of protein ADP-ribosylation and binding specificities of the various domains
that recognize the different parts of the modification. Abbreviations: ARTD, diphtheria toxin—like
ADP-ribosyltransferase; PARG, poly-ADP-ribose (PAR) glycohydrolase; PBZ, PAR-binding zinc-
finger; WWE, tryptophan—tryptophan—glutamate. Adapted from Michael O. Hottiger, 2015.
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IX. REVERSIBLE (ADP-RIBOSYL)ATION OF DNA STRAND BREAKS

The first evidence of DNA ADP-ribosylation was obtained 20 years ago. Watanabe’s group
demonstrated that a cabbage butterfly toxin, pierisin, induces apoptosis via irreversible MARylation
of a guanine base in DNA [178, 179]. Later, other examples of DNA MARYylation have been
demonstrated for different families of toxins: guanine MARYylation by CARP-1 from shellfish [10]
and by scabin from Streptomyces scabies [180] as well as thymine MARYylation by DarT from bac-

terial toxin—antitoxin system DarTG [11].

Recently, in vitro studies in our laboratory have uncovered that mammalian DNA-dependent
PARPs catalyze reversible modification of DNA via ADP-ribosylation of terminal phosphates at
DNA strand breaks [12]. This finding provides novel molecular insights into PARPs’ functions in
mammalian cells. Taking into account an unsolved challenge (how to distinguish ADPr adducts on
proteins and DNA in the cell), DNA ADP-ribosylation studies have been focused on in vitro ap-
proaches to gain knowledge about the mechanisms and specific requirements for this unusual
substrate specificity of PARPs. It has been found that PARP1 preferentially PARylates DSBs con-
taining 5'- and 3'-terminal phosphates in gapped recessed DNA duplexes, whereas PARP2 and
PARP3 preferentially act on 5'-terminal phosphates at DSB and SSB termini of DNA containing
multiple proximal breaks [12, 13, 43]. Similarly to protein modification, PARP3 produces a MAR not
PAR adduct on DNA substrates, in contrast to PARP1 and PARP2 [13, 43]. In addition to phos-
phate groups, PARP1 can PARylate 2'-OH groups of 3'-deoxynucleotide and ribonucleotides in-
corporated at the 3' terminus of oligodeoxyribonucleotides [12]. A recent study by Zarkovic G. et al.
revealed ADP-ribosylation of ~3 kb plasmid-based DNA constructs, thus indicating DNA size limit-
lessness of PARP-mediated modifications of DNA break termini [13]. Moreover, PARP2 and
PARP3 switch their substrate preference to DNA from protein when acting upon certain configura-
tion of closely spaced DNA strand breaks, preferentially ADP-ribosylating DNA rather than catalyz-
ing auto-ADP-ribosylation. Effectiveness of PARP3- and PARP2-catalyzed DNA ADP-ribosylation
depends on the orientation and a distance between DNA strand breaks in a single DNA molecule
[13]. According to a proposed mechanistic model (Figure 10), binding of a PARP to one DNA break
activates the CAT domain, which in turn targets and ADP-ribosylates an acceptor group at the
second breakage site of the same DNA molecule [12, 13]. This process necessitates the presence
of at least two DNA strand breaks separated by a distance from 1 to 2 helix turns [13]. In a DNA-
bound PARP complex, this distance determines the accessibility of the DNA acceptor groups for
the activated CAT domain directing ADP-ribosylation to a 5'- or 3'-terminal phosphate. At present,
little is known about the mechanisms governing substrate interaction and specificity of PARP1,
which accounts for most of cellular PARylation activity. Moreover, it remains unclear how can
PARPs adopt the conformation which predisposes to DNA ADP-ribosylation activity. Ac-

cording to existing structural data on PARP1 and PARP2 bound to DNA breaks, the
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PARP’s DNA-binding domain is far from its CAT domain, which is not oriented along the DNA helix
[565, 100, 102]. Nevertheless, broad substrate specificity in frans, including also auto-modification of
different amino acid residues in cis, and the multidomain structure of PARPs imply high flexibility of
the CAT domain position in DNA-PARP complexes. Therefore, there may be some unexplored

abilities to target substrates including formation of oligomeric protein complexes on DNA.

Effective DNA-PAR/MARYylation occurs on DNA substrates that mimic intermediate products occur-
ring in various DNA excision repair pathways such as base excision repair (BER), nucleotide exci-
sion repair (NER), mismatch repair (MMR), HR and nonhomologous end joining (NHEJ). For ex-
ample, DNA strand break acceptor sites containing 5'-phosphates can be generated by the action
of various DNA exo- and endonucleases, tyrosyl-DNA phosphodiesterase 2 (TDP2) and dRP (5'-
deoxyribose phosphate) lyase activity of bifunctional DNA polymerases, whereas 3'-terminal phos-
phates are produced by certain bifunctional DNA glycosylases, TDP1 and MRE11 [181, 182]. DNA
duplexes containing a DSB and a proximal SSB can form in HR and NHEJ repair pathways. It has
been reported that a stably blocked replication fork can switch the endonuclease activity of MRN-—
CtIP complex on and produces an internal nick located ~20 nt downstream of 5'-termini of a DSB
[183], thus ensuring proximity of activating and acceptor sites required for DNA ADP-ribosylation
activity of PARPs.

At present, the physiological relevance of PARP-dependent DNA ADP-ribosylation is a debated
issue. Nevertheless, a dramatic substrate switch of PARPs observed in vitro assays, the highly
efficient PARP1-catalyzed DNA PARYylation in human cell-free extracts and the presence of a PAR
signal in purified genomic DNA after genotoxic treatment provide the strong albeit indirect evidence
of the presence of PAR-DNA adducts in live cells [13, 184]. Furthermore, it has been shown that 1
nt gapped DNA containing a MARylated 5'-phosphate residue is recognized as a 5'-adenylated
DNA substrate by DNA ligase | or llla or by other DNA ligases and ligated in the absence of ATP,
resulting in the sealed unbroken double-stranded DNA with an aberrant abasic (AP) site-like resi-
due [184]. Such residue can be processed further by apurinic/apyrimidinic endonuclease 1 (APE1)
in BER pathway. In line with these results, it has been proposed that PARP2 and PARP3 are in-
volved in the final ligation step of NHEJ, judging by the finding that 5-phosphorylated nicks are
especially efficient activators of the auto-ADP-ribosylation activity of PARP2 and PARP3 but not
that of PARP1 [56]. We can hypothesize that DNA ADP-ribosylation can promote retention of the
DSB ends either until a complete repair complex is formed or until the ATP concentration required
for DNA ligation is restored. Similarly, in case of SSB repair, PARP-mediated ADP-ribosylation can
promote the ligation of a gap without polymerase synthesis and ATP. Of note, extensive PARP-

mediated PAR synthesis leads to inhibition of hexokinase 1 activity, blockage of glycolysis, and
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ATP loss [185]. Thus, one of the functions of DNA ADP-ribosylation can be the patching of DNA

breaks during bioenergetic collapse avoiding formation or degradation of toxic DSBs.

Recent advances in RNA biology took the phenomenon of ADP-ribosylation to another level. Stud-
ies by Shuman’s group have revealed that PARP-like tRNA splicing enzymes Tpt1 (KptA) from
bacteria and fungi can ADP-ribosylate RNA and DNA at 5’-monophosphate termini [186, 187]. Fur-
ther studies by Ahel’s laboratory have shown that Tpt1 homologs in higher organisms TRPT1
(PARP18) as well as human PARP10, PARP11, and PARP15 can MARYylate phosphorylated ends
of RNA [14]. This 5’-phospho-ADPr modification or “capping” of RNA termini may protect RNA
substrates from degradation or dephosphorylation and mediate ADP-ribosylation signaling via re-
cruitment of specific cellular factors. Overall, these RNA related studies provide additional evi-
dence that the phenomenon of ADP-ribosylation of nucleic acids at terminal phosphates is more

widespread than previously thought (Table 4).

Table 4: Writers and erasers of nucleic acids ADP-ribosylation in different species.

Ed

ADP-ribosyl Species Substrate | Acceptor groups Type of Erasers
transferases modification
Pierisins and Cabbage dsDNA guanine nucleobase
CARP-1 Butterfly and MAR | -
shellfish
DarT Bacteria ssDNA 2nd thymidine in DarG
TNTC motif MAR
PARP1 Human dsDNA and terminal 5’- and 3'-
ssDNA phosphates, PAR
2'0OH PARG,
PARP2 Mouse dsDNA terminal 5'- and 3'- PAR TAE L,
phosphates R,
MACROD1,
PARP3 Human dsDNA terminal 5'- and 3'- MAR MACROD?2 and
phosphates MACROD-like
TRPT1 (Tptl) | Human, fungi RNA and terminal 5'- MAR hydrolases
and bacteria ssDNA phosphate
PARP10, Human RNA terminal 5’ - MAR
PARP11 and phosphate
PARP15

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



5|P P /\/\/\/\ 5'P/
P

48

55

4 P
3P ANV 3
l_r_l l_r_l
1 or 2 turns 1.5 turns
5' ANV F/ P AVAAYN
AAA AN

Figure 10: The mechanism of DNA-ADP-ribosylation and DNA substrate specificity of the PARP2

and PARP3 proteins.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



49

X. (ADP-RIBOSE) removal from PROTEINS AND DNA BREAKS

Like any other post-translational modification, PAR levels are tightly controlled in the cell, and after
the suitable cellular response has been achieved, ADP-ribosylation signaling has to be quenched
appropriately and in a timely manner, and the ADP-ribose building blocks subsequently recycled.
Such regulation is achieved not only by directly regulating PARPs (as discussed below), but also
by the timely degradation of ADP-ribosylation by specialized ADPr processing enzymes (Table 5)
[188].

Due to the presence of different ADP-ribose acceptor sites, different “eraser” activities (with differ-
ent subcellular localizations) have been shown to contribute to the dynamic turnover of ADPr [6,
61], shifting the attention towards the biological roles of ADPr erasers. Recent advances in defining
ADPr metabolism suggest that the balance between ADPr writers and erasers is crucial for the
coordination of multiple cellular response pathways such as PAR-binding proteins recruitment and
release, as well as transient signaling and the formation of transient sub-organellar structures in

the cytoplasm and nucleus [58, 68].

The inability of PARG, the main de PARYylating enzyme, to remove MARylation marks and its lim-
ited processivity on short PAR polymers, leaves room for the involvement of other erasers (Table
5). A complete reversal of MARYylation is performed in human cells by amino-acid-specific ADPr-
acceptor hydrolases, such as the macrodomaincontaining proteins MacroD1 and MacroD2, the
terminal ADPribose protein glycohydrolase 1 (TARG1), and the ADP-ribose hydrolase (ARH) fami-
ly members ARH1 and ARH3 [68].

Table 5: Human ADP-ribose erasers. Adapted from Julia O’Sullivan et. al., 2019.

Eraser Classification  Substrate  Targeted bond ADP-ribosylation reversal Protein adduct Amino acid selectivity

PARG Macrodomain  PAR O-glycosidic Partial ADP-ribose Linkage-independent
MacroD1  Macrodomain MAR Carboxyl ester Complete None D/E

MacroD2 Macrodomain  MAR Carboxyl ester Complete None D/E

TARG1 Macrodomain  MAR/PAR  Carboxyl ester  Complete None D/E

ARHI1 ARH fold MAR N-glycosidic Complete None R

ARH3 ARH fold MAR/PAR  O-glycosidic Complete None S

NUDT9 NUDIX PAR Phosphodiester  Partial Phosphoribose Linkage-independent
NUDT16 NUDIX MAR/PAR  Phosphodiester  Partial Phosphoribose Linkage-independent
ENPPI ENPP (PDNP) MAR/PAR  Phosphodiester Partial Phosphoribose Linkage-independent

Moreover, several phosphodiesterases have been shown to possess ADPr processing activity [68].
In this section, we provide an overview of these different ADPr erasing enzymes. ADPr chain can
be degraded by different enzymes at different levels of the chain (Figure 11-12). The main group of

enzymes with PAR-degrading activity is described below.
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10.1 Poly(ADP-ribose) glycohydrolase (PARG)

PARG is the major de-PARylating enzyme, and is primarily responsible for hydrolyzing the glyco-
sidic linkages (2'-1" glycosidic ribose-ribose bonds) between ADPr units of PAR polymers to gen-
erate free ADPr monomers but does not hydrolyze the protein-bound ADPr, leaving a MARYylated
protein [68]. [189-191]. Despite the lower abundance of cellular PARG compared to PARPs, higher
specific activity of PARG allow for rapid turnover of PAR, ensuring tight control of this modification
[188]. Human PARG is a constitutively active and possesses both exoglycosidase and endoglyco-
sidase activities. PARGs preferably bind PAR at the chain termini and primarily act as exo-
glycohydrolases, sequentially digesting glycosidic linkages from the protein-distal end of the poly-
mer similar to carbohydrate glycosyl hydrolases. This processivity improves the catalytic activity of
PARG but is strongly chain-length dependent [68, 188]. While binding along the PAR chain and
endo-glycohydrolytic cleavage of PAR is structurally possible, it appears to be less efficient. The
endoglycohydrolytic activity may have co-evolved with Human PARP1 enzymes that catalyse more
complex branched polymers, but is markedly slower than that of elongated ADPr units [58, 188].
Human PARG is composed of three domains: two of these domains, namely macrodomain and the
PARG accessory domain, make up the minimal PARG catalytic region, while the third domain,
which shows significantly less sequence conservation, is the putative PARG regulatory region (not
important for PAR hydrolysis in vitro) The key difference between PARG and the non-catalytic
macrodomains, is the “insertion” of a PARG unique catalytic loop in the otherwise conserved glob-
ular macrodomain fold. This loop bears the highly conserved GGG-X6-8-QEE PARG signature
sequence, which contains the catalytic residues essential for PAR degradation activity [188]. Only
a single PARG gene has been identified in mammals and its sequence is highly conserved [68].
PARG isoforms can be obtained by alternative splicing of that single gene: the nuclear full-length
isoform (110 kDa), two shorter isoforms (102 and 99 kDa) which are mainly cytoplasmic, a PARG
isoform of ~59 kDa, which is probably constitutively active, and a mitochondrial 55-kDa protein [64,
192, 193]. Interestingly, the cytoplassmic 102-kDa PARG isoform translocates to the nucleus,
whereas the full-length isoform relocalizes to the cytoplasm in response to DNA damage [194].
PARG mRNA also undergoes additional alternative splicing that generates small isoforms of 55
and 60 kDa. Both hPARG55 and hPARG60 isoforms have been found to be catalytically inactive
due to the absence of exon 5-encoded amino-acids. Therefore, these small human PARG isoforms

are not involved in general PAR turnover in cells [68].

Nuclear and cytoplasmic compartmentalization, and the shuttling of PARG isoforms between the
nucleus and cytoplasm have been proposed as a mechanism to regulate cellular PAR levels [68].

PARG participates in a number of biological processes, including the repair of DNA damage,
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chromatin dynamics, transcriptional regulation, cell death, and tumorigenesis, but its specific roles

in biological systems remains to be determined (better reviewed in [68]).

Overall, these examples show that the dynamic equilibria established between PARP-1 and PARG
activities, and therefore PAR levels, are key for controlling cell fate, suggesting that PAR erasers
are as important as PAR writers for cellular homeostasis.
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Figure 11: Reversal of protein ADP-ribosylation by MAR and PAR erasers. The diagrams repre-
sent MARylated (upper panel) and PARYylated proteins (lower panel) with bond-specific chemical
cleavage sites for each eraser. A subgroup of erasers that comprises MacroD1, MacroD2, and
ARH1 are MAR-specific erasers involved in the removal of single ADPr adducts. MacroD1 and
MacroD2 are macrodomain-containing enzymes that release ADPr from ADP-ribosylated acidic
residues (aspartate and glutamate). ARH1 is currently the only known MAR hydrolase that

specifically removes MAR from arginine residues. A second subgroup that includes
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TARG1, ARH3, NUDT9, NUDT16, and ENPP1 can target both MAR and PAR modifications. The
TARG1 macroprotein hydrolyzes glutamate-ADP-ribose bonds and releases ADPr from MARYylated
proteins. TARG1 has also the unique ability to remove entire PAR chains from acidic residues of
PARylated proteins. ARH3 is limited to exoglycosidic activity toward PAR chains and releases free
ADPr. In addition, it possesses MAR hydrolase activity specifically targeting the O-linked ADP-
ribosylation. NUDT9 and NUDT16 have nucleoside diphosphatelinked moiety-X (NUDIX) domains,
which cleave pyrophosphate bonds and release phospho-ribosyl-AMP from PAR chains or AMP
from MARYylated proteins as major reaction products. ENPP1 is a pyrophosphatase lacking a
NUDIX domain but with the capability of digesting PAR and MAR maodifications similar to NUDIX
enzymes. PARG is the main PAR-degrading enzyme but shows no activity towards MARYylated
proteins. Human PARG is unable to cleave the proximal ADPr groups from a modified protein but
possesses exo- and endoglycosidic activities to hydrolyze the glycosidic bonds between ribose
units of PAR. The exoglycosidic activity of PARG generates free ADPr from the processive degra-
dation of PAR from the distal to the proximal end while its in-chain cleavage activity (endoglycosid-
ic) produces protein-free PAR. The endoglycosidic degradation of PAR by of PARG is also respon-
sible for the hydrolysis of the branching points formed when non-adenine riboses are linked to-
gether (branching point). Adapted from Julia O’Sullivan et. al., 2019.

10.2 ADP-ribose hydrolases (ARHs)

The ADPr hydrolase (ARH) family consists of three related proteins ARH1, ARH2 and ARH3. The
three members of the ARH family are related to dinitrogenase-activating glycohydrolase (DRAG).
Protein sequence alignment revealed that human ARH1 and ARH2 are 45-47% identical but only
~22% identical to ARH3. Overall, ARH3 is closer to the catalytic region of the 110-kDa PARG (19%
identity) than to ARH1 or ARH2 (10% and 13% identity respectively) [68, 195]. Substrate specificity
also varies among ARHs. While ARH2 substrates are yet to be discovered, ARH1 is a highly active
(ADP-ribosyl)-arginine hydrolase (cleaves the N-glycosidic bond linking ADPr to the guanidino
group of arginine) and ARH3 is an (ADP-ribosyl)-serine hydrolase (hydrolysis of the O-glycosidic
bond in PAR) [68, 196, 197].

ARHs have different cellular localization: ARH1 and ARHZ2 are localized in the cytoplasm, ARH3 is
located mainly in the cytoplasm, but is also found in the mitochondria and the nucleus [196]. They
both recognize the ADPr moiety of the substrate and are competitively inhibited by ADPr, but not
ribose 5-phosphate, AMP, ADP or NAD+. On the other hand, nor ARH1 nor ARH3 hydrolyze ADP-
ribosylated cysteine, asparagine, and diphthamide, synthesized by bacterial toxins [195-197]. In
addition to PAR chains, ARH3 also can remove the O-acetyl group from the NAD+ metabolite O-
acetyl-ADP-ribose [198] and can remove ADP-ribosylation in the mitochondrial matrix [199]. Alt-
hough ARH2 binds ADPr, it has not been shown to act on neither any of these ADP-ribosylated
residues nor on poly-ADPr.

In contrast to ARH1, ARH3 also possesses activity toward the O-glycosidic bond of PAR, similar to
the exoglycosidic activity of PARG. However, ARH3 does not rescue Drosophila or mouse genetic
knockouts of PARG from cell death or PAR accumulation, suggesting that it cannot compensate for
the loss of PARG [68].
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ARH1-mediated mono-ADP-ribosyl arginine hydrolase activity is involved in intracellular signal
transduction, has a crucial role in cell proliferation and cancer suppression (loss of function of
ARH1 was strongly correlated with tumorigenesis) and also seems to be involved in estrogen-
stimulated tumorigenesis [196]. ARH3 also participates in nuclear and cytoplasmic PAR degrada-
tion under oxidative stress conditions induced by hydrogen peroxide [92], which avoids PAR ac-
cumulation in the cytoplasm, release of AIF from mitochondria and the consequent AlF-mediated
cell death. Thus, ARH3 serves as a suppressor of PARP-1-dependent cell death, parthanatos,

under oxidative stress [68, 92].

10.3 Macrodomain-containing ADP-ribose erasers.

The macrodomain fold is an evolutionarily conserved, compact globular shaped structure of ~25
kDa present throughout all of the biological kingdoms. It can be found as a stand-alone module or
integrated into multi-domain proteins. The macrodomain was the first characterized ADP-ribose-
binding module. It can bind terminal ADPr structures with nanomolar affinity. There is functional
diversity related to structural variation in the macrodomain protein family. In addition to their ability
to recognize and bind PAR/MAR attached to ADP-riboylated proteins, a subset of macrodomains
exhibit enzymatic activity. The enzymatically active macrodomain proteins are involved in different

processes such as transcriptional regulation, cellular signaling, or neurodegeneration [68, 200].

Three human macrodomain-containing proteins: macrodomain-containing protein 1 (MacroD1),
macrodomain-containing protein 2 (MacroD2), as well as C60rf130 (TARG1), are known to hydro-
lase o-acetyl-ADPr. Studies on the enzymatic activities of their macrodomains have shown that all
three can also hydrolyze ADPr attached to target proteins, and that this activity is dependent on
macrodomains. Further studies led to the characterization of MacroD1, MacroD2, C6orf130, as
well as bacterial Af1521, as glutamate-specific mono-ADP-ribosyl hydrolases and MDO2 have
been reported to revert ARTD10-catalyzed MARYylation on histones and GSK3p [152, 154, 201,
202]. The ability of TARG1 to remove whole PAR chains from the substrate most proximal attach-
ment point is unique among the known erasers, adding another putative regulatory layer to PAR
cellular functions [68]. Similarly to TARG1, the mono-ADP-ribose hydrolase activities of MacroD1
and MacroD2 are also selectively directed toward ester bonds established by ADP-ribosylated as-
partate and glutamate residues, although with different catalytic modes. Current experimental data
suggest that ester-type ADPr bonds in protein substrates are specific targets of the macrodomain

erasers.

MDO1, MDO2 and C6o0rf130 preferentially localize to the mitochondria, cytoplasm, and nucleus,
respectively, and are recruited to DNA damage sites via their biochemical capacity to bind ADPr
[203]. In vivo, MacroD2, has been implicated in the recycling of automodified PARP1. The
removal of the autoinhibitory MAR moieties from PARP1 by MacroD2 has been suggested
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to explain the accumulation of MARylated PARP1 in the context of MacroD2 gene deletion in hu-
man colorectal cancer cells. The underlying MacroD2- dependent PARP1 recycling model pro-
posed by Sakthianandeswaren et al. involves a biphasic erasing of PARP1 automodification, which
implicates PARG as the primary PAR trimming enzyme responsible for the generation of MAR ad-
ducts that can subsequently be targeted by MacroD2. As mentioned above, PARG is a member of
the macrodomain eraser family, although there is no similarity between the amino acid sequence of
PARG and other macrodomain-containing proteins. However, there is a close structural and evolu-
tionary relationship between macrodomains and PARG, and its catalytic center is essentially a

macrodomain fold [68].

10.4 Phosphodiester ADP-ribose hydrolases.

Homopolymers of PAR are composed of successive ADPr moieties linked together by alternating
phosphodiester and O-glycosidic linkages. The phosphodiester bond is also central to the ADPr
monomer itself as it links the adenosine structure to the ribose. The activity of snake venom phos-
phodiesterases was instrumental in the elucidation of PAR structure in the early studies of PARyla-
tion, as it was used to determine chain length and PAR branching frequency [204]. Only recently, a
role of phosphodiesterases in the reversal of ADP-ribosylation has been proposed, following the
discovery of a group of ADPr processing phosphodiesterases that includes NUDIX (nucleoside
diphosphates linked to moiety-X) superfamily members NUDT9 and NUDT16 as well as ectonu-
cleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) [191, 205, 206]. NUDIX is a very vast
and diverse family of proteins [68]. NUDIX hydrolases are broadly distributed among the different
kingdoms of life. Up to now, 24 genes and 5 pseudogenes coding for NUDIX hydrolases have
been identified in human genome. Those genes contain multiple transcriptional and translational
initiation sites. As a result, human NUDIX family counts with different isoforms. Four isoforms of
26, 22, 21 and 18 kDa have been detected in human cells [207]. NUDIX proteins are characterized
by a highly conserved 23-amino-acid motif or Nudix box, GX5EX7REUXEEXGU, where U is an
aliphatic or hydrophobic residue and X is any residue [207, 208]. The Nudix motif residues, folded
as a loop-helix-loop, compose the catalytic center [209].

These erasers target the phosphodiester bound in ADPr moieties independently of the type of
ADPr linkage established with the substrate protein. However, these enzymes should be classified
as partial erasers since they leave a phosphoribose remnant attached to the target protein. It is still
unclear whether these phosphoribose remnants are correlated with specific biological outcomes
but a pathological accumulation of phosphoribose on glutamate residues has been described
[210]. Furthermore, the phosphodiesterase-catalyzed removal of the distal adenine in PAR
ploymers through cleavage of the terminal AMP likely prevents digestion by PARG, as it was ob-
served with etheno-PAR, a derivatized PAR with modified adenine moieties [211]. In vivo,

NUDIX hydrolases seem to fulfil ‘housekeeping’ functions, facilitating the detoxification of
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potentially deleterious endogenous metabolites [212]. Furthermore, they have been proposed to be
involved in replenishing the cellular AMP pool from ADPribose monomer products of PARG/ARH3-
mediated PAR depolymerization. This metabolic response is consistent with the AMP-dependent
mitochondrial energy failure observed following DNA damage and PARP-1 activation [213]. The
accumulation of PAR-derived AMP has also been implicated in the modulation of mTOR signalling
through AMPK activation [214]. These examples show that ADPr erasing reactions can have di-
verse effects on metabolism by generating free ADPr monomers and related molecules such as
AMP. Interestingly, the hydrolase activity of a third NUDIX, NUDTS5, diverges from the other ADPr-
processing NUDIX hydrolases because it cannot hydrolyze protein-conjugated ADPr. However,
NUDTS5 generates ATP from free ADPr and pyrophosphate in a recycling-like process to quickly
replenish nuclear ATP levels. While NUDT5 cannot be classified as an ADPr eraser because of its
inability to remove protein ADP-ribosylation, it certainly deserves attention as it can influence the
level of energetic substrates following PAR catabolism. The extracellular ENPP1 phosphodiester-
ase, which lacks a NUDIX and a macrodomain, is yet to be characterized regarding its involvement
in ADPr processing. ENPP1 shows considerable phosphodiesterase activity in vitro against MAR
and PAR, exceeding that observed for NUDT16 in a cell free system. The high conversion rate of
ADP-ribosylation modifications to phosphoribose adducts by ENPP1 has been suggested as a key
feature for the generation of phosphoribose signatures for analysis by liquid chromatography-mass
spectrometry (LC-MS) [68].
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Figure 12: Schematic domain architecture of human ADP-Ribosylation removing enzymes.
Adapted from E.Barkauskaite et. al., 2005.
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10.5 ADPr removal from DNA breaks

Incapable to ignore the novel DNA signature and its role in controlling the functional state of
DNA/RNA, this modification should be also finely regulated. From bacterial toxins to human pro-
teins, this DNA-ADP-ribosylation was shown to be reversible. PARG, a PAR glycohydrolase, effi-
ciently restores native DNA structure by hydrolysing PAR/MAR-DNA adducts generated by
PARP1, PARP2 and PARP3. Biochemical and mass spectrometry analyses of the adducts
demonstrated that PARPs can utilise DNA termini as an alternative to 2'-hydroxyl of ADP-ribose
and protein acceptor residues to catalyse PAR/MAR chain initiation either via the 2',1"-O-glycosidic
ribose-ribose bond or via phosphodiester bond formation between C1' of ADP-ribose and the
phosphate of a terminal nucleotide in a DNA duplex. In addition to many ADP-ribose glycohydro-
lasesas DarG, PARG,MACROD2, TARG1 and ARH3 that were able to remove ADP-ribose ad-
ducts from DNA ends (with variable efficiencies) [11-13, 43]. Munnur, D., et al., showed that
MACROD1 and MACROD-like hydrolases can restore RNA initial structure after RNA ADP-
ribosylation [14]. Interestingly, ADP-ribosylation of 5-terminal thiophosphates at DSB termini makes
MAR-DNA adducts resistant to PARG hydrolysis [13].

The presence of multiple human ADP-ribose oligomers hydrolyzes, leaves open the question of
their specificity and functional overlap. A better understanding of PARG’s catalytic activity and reg-
ulation, and of the roles played by PARG, ARH3, and other hydrolases in the turnover of PAR is

needed, in order to broaden our knowledge of the ADP-ribosylation life cycle [6].
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GOALS

At present, a slew of critical questions concerning the molecular mechanisms and the role of
PARP-mediated ADP-ribosylation of DNA strand break termini remain unclear. For instance, what
are the DNA substrate requirements for efficient DNA PARylation by PARP1, which activity is re-
sponsible for 80—90% of measurable PAR synthesis following DNA damage? What are the conse-
quences of DSB ends MARYylation or PARYylation for processing of breaks termini, for interaction
with NHEJ and HR proteins and subsequent DSB repair? Are there specific proteins responsible
for ADP-ribosylated DNA adducts detection, signaling or removal? Can PAR/MAR-DNA adducts
stabilization in the cell be used as an anticancer drug by increasing cell toxicity in cancer cells?
Finally, what is their major biological function of ADP-ribosylated DNA adducts? In this regard, the
main aim of my thesis was to characterize the molecular mechanisms and the role of PARP-
mediated ADP-ribosylation of DNA strand break termini in DNA damage response and in coordina-

tion of DNA strand break repair.

The main goals during my thesis were:

» ldentification of the substrate specificity and mechanisms of PARP1-dependent DNA ADP-

ribosylation.

> ldentification of novel MAR-DNA readers in cell-free extracts.

» Characterization of the impact of DNA ADP-ribosylation on NHEJ.

» Search for analogs of NAD+ that can lead to stabilization of PAR-DNA adducts in the cell.

The new knowledge about the role and mechanisms of PARPs actions in double strand break re-

pair will identify novel therapeutic or diagnostic targets in cancer and other age-related diseases.
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MATERIALS AND METHODS

Proteins, chemicals and reagents

Proteinase K from Tritirachium album, Deoxyribonuclease | from bovine pancreas (DNase |) and
Streptavidin Mag Sepharose beads (GE healthcare) were purchased from Sigma—Aldrich (France).
PRONASE® Protease, Streptomyces griseus and hydrogen peroxide were purchased from Merck
(Darmstadt, Germany) .CIP (alkaline phosphatase, calf intestinal), TdT (terminal deoxynucleotidyl
transferase), BSA (Bovine serum albumin) and Pmll and Nb. Bsml endonucleases were purchased
from New England Biolabs France (Evry, France). T4 polynucleotide kinase was purchased from
Thermo Scientific. Human PARP1 (EC 2.4.2.30) and bovine PARG were purchased from Trevigen
(Gaithersburg, USA). The plasmids coding for murine PARP2 and human PARP3 were kindly pro-
vided by Dr V. Schreiber (ESBS, llikirch, France), moreover, NHEJ proteins such as Ku70/80 com-
plex, XRCC4/L4 complex, Artemis, PAXX, XLF and APLF (Aprataxin and PNK-like factor) were
provided by Dr J-B. Charbonnier. DNA-PK (DNA-Dependent Protein Kinase) was purchased from
Promega (France). Olaparib (AZD2281, Ku-0059436) was aquired from Selleck Chemicals (Hou-
ston, USA) and NAD+ analogues such as 6-Biotin-17-NAD+, 6-Fluo-10-NAD+, 8-Br-7-CH-NAD+,
8-Br-NAD+, ara-2'-F-NAD+, dAP2(Nic), epsilon-NAD+ from BIOLOG (Bremen, Germany). Anti-

bodies used in western blot were described in Table 6.

Purification of PARP3 and CLPB

Human PARP3 was cloned into the pETHSUL vector using the overlap extension polymerase
chain reaction cloning approach [215]. N-terminal His6-tagged SUMO-PARP3 fusion was ex-
pressed in Escherichia coli Rosetta 2 (DE3) electrocompetent cells (Novagen). The bacterial cul-
ture was grown at 37° C in a LB medium (supplemented with 100 g/ml ampicillin) to OD600 = 0.6—
0.8. The protein expression was induced by 0.5 mM isopropyl D-galactopyranoside (IPTG; Sigma-
Aldrich) during overnight incubation at 18° C. The bacteria were harvested by centrifugation, and
cell pellets were lysed using a French press at 18 000 psi in a buffer consisting of 20 mM HEPES-
KOH pH 7.6, 40 mM NaCl and 0.1 % (w/v) NP-40 supplemented with the cOmplete™ Protease
Inhibitor Cocktail (Roche Diagnostics, Switzerland). Lysates were cleared by centrifugation at 40
000 x g for 30 min at 4° C, and the resulting supernatant was adjusted to 500 mM NaCl and 20
mM imidazole and loaded onto a HiTrap Chelating HP column (Amersham Biosciences, GE
Healthcare). The column was washed with buffer A (20 mM HEPES-KOH pH 7.6, 500 mM NacCl,
40 mM imidazole) and the bound PARP3 fusion was eluted with a linear 20-500 mM gradient of
imidazole in buffer A on Akta Purifier (GE Healthcare). Eluted fractions of the PARP3 fusion were
diluted in glycerol (50 % final concentration). PARP3 protein was stored at — 80° C. The concentra-
tion of the purified proteins was determined by the method of Bradford and the activity of PARP3

was tested with labeled oligonucleotide in the presence of NAD+ on PAGE gel. Same pro-
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tocol was used to purify N- and C-terminal of CLPB, using pET28c vector and Rosetta 2 (DE3)

PlysS cells (chemically competent cells).

Oligonucleotides and Dbait molecules

Sequences of the oligonucleotides, their duplexes and Dbait molecules used in the present work
are shown in Table 7. Regular oligonucleotides, oligonucleotides with thiophosphates and Dbait
molecules, containing a hexaethyleneglycol linker [(CH2-CH2-O)¢] tethering two complementary
DNA strands, were purchased from Eurogentec (Seraing, Belgium). Prior to enzymatic assays, the
oligonucleotides were labeled at the 5'OH end using normal or 3' phosphatase minus T4 polynu-
cleotide kinase (Thermo Scientific in the presence of [y*2P] ATP (3000 Ci-mmol-1) (PerkinEImer)
or at the 3'OH end by means of TdT in the presence of [y*?P]-3-dATP (cordycepin 5' triphosphate,
5,000 Ci-mmol-1; PerkinEImer). Cold ATP at 1 mM was added to phosphorylate the remaining
non-labeled oligonucleotides. After labeling reactions, the radioactively labeled oligonucleotides
were desalted on a Sephadex G-25 column, equilibrated with water and then annealed with a cor-
responding complementary strand for 3 min at 65°C in the following buffer: 20 mM HEPES/KOH
(pH 7.6) and 50 mM KCI. Radioactive labeling of duplex DNA was also performed using radioactive
[adenylate-*2P] NAD+ (800 Ci-mmol-1) (PerkinElmer) in the presence of PARPs.

An assay for PARP-dependent DNA ADP-ribosylation

This assay was carried out as described previously [13]. Briefly, 20 nM [32P] labeled oligonucleo-
tide duplexes were combined with 20 nM PARP1 in the presence of 1 mM NAD+ in ADPR buffer
[20 mM HEPES/KOH pH 7.6, 50 mM KCI, 2 mM MgCl;, 1 mM 1,4- dithiothreitol (DTT) and 100
g/ml bovine serum albumin (BSA)]. The mixture was incubated for 30 min at 37° C, unless other-
wise stated. After the reaction, the samples were incubated in the presence of 50 ng/l proteinase K
and 0.15 % SDS for 30 min at 50° C followed by addition of 4 M urea and incubation for 10 s at
95°C. The reaction products were analyzed by electrophoresis in denaturing 20 % (w/v) poly-
acrylamide gels (PAGE; 7 M Urea, 0.5 x Tris-Borate-EDTA buffer, 42° C). The gels were used to
expose a Fuji FLA-3000 Phosphor Screen, which was then scanned with Typhoon FLA-9500 and
analyzed using the Image Gauge 4.0 software. The same experiment was performed also using
2,5 pg/ul of HelLa extracts with 50 nM [*2P] labeled oligonucleotide duplexes for 20 min at 37° C,
under standard reaction conditions for a PARP-dependent DNA ADP-ribosylation assay [500uM
NAD+, 1X BER buffer, 3 yM PARG inhibitor (PARGi)]. PAR-DNA adducts were treated with 0,02
pg/ul of PARG or with 5 U of CIP after phenol chloroform extraction and aceton, 0,2 % perchlorate
precipitation of PARylated DNA. The reaction products were analyzed by denaturing PAGE.

Analysis of the efficiency of PARP1-catalyzed auto- and DNA ADP-ribosylation
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The efficiency of PARP1-catalyzed auto- and DNA (ADP-ribosyl)ation was measured using a
PARP1 specific cold duplex phosphorylated at the 5’ end of the nick and on the 3' end of the DSB,
(with or without a thiophosphate at the DSB terminus). The assay was performed in ADPR buffer
but without BSA. 320 nM of PARP1 was added to 1 uM oligonucleotide cold duplex and incubated
in the presence of 0.5 uyM [adenylate- 32P] NAD+ for 30 min. The reaction products were treated
with PARG at 50 pg/l for 30 min at 30°C and then with 10.5 U DNase | for 30 min at 37° C in the
presence of 0.5 mM CaCl2 or treated with 50 ng/l proteinase K for 30 min at 50° C in the presence
of 0.1 % SDS. The reactions were terminated by the addition of a stop solution (7.5 M Urea, 0.33
% SDS, 10 mM ethylenediaminetetraacetic acid (EDTA), bromophenol blue) at 1:1 (v/v), heated at
95° C for 10 s, and the products of the reactions were analyzed by denaturing PAGE as described

in our previous work [13].

The cell line, culture conditions and cell extracts preparation

Stable PARG knockdown (shPARG/PARGKP) and control (shCTL/BD650) HelLa cell lines have
been described elsewhere [216]. The cells were grown in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with penicillin/streptomycin (Gibco, Gaithersburg, USA) and 10 % of fetal
bovine serum in a humidified atmosphere containing 5 % of CO2. After harvesting, the cells were

washed twice in cold phosphate-buffered saline (PBS). All the procedures were conducted at 4° C.

i. Whole cell extract preparation for DNA-MAR reader identification:

The cell pellets were resuspended in 3 volumes (w/v) of lysis buffer (20 mM HEPES-KOH,
5 mM EDTA, 1 mM EGTA, 300 mM NaCl, 0.2 yM olaparib and 0.3 % NP-40 (nonyl phe-
noxypolyethoxylethanol) + 1 X cOmplete protease inhibitors [Roche]). The cells were grind-
ed by mixture pipetting with 200 pl pipet and then incubated 30 min on ice. After a 20 min
centrifugation at 16000 g / 4° C, the lysate was collected and the proteins concentration
was measured by Bradford method.

ii. Nuclear cell extract preparation for DNA-(ADP-ribosyl)ation and NHEJ reconstitution :

The cell pellets were resuspended in 3 volumes (w/v) of cytoplasmic extract buffer (10 mM
HEPES-KOH pH 7.6, 10 mM KCI, 0.1 mM EDTA, 0.15 mM spermine, 0.7 mM spermidine, 1
x cOmplete protease inhibitors EDTA-free [Roche], 1 mM DTT); 0.1 % NP-40 was added
immediately after cell resuspension. The cells were allowed to swell on ice for 5 min. Nuclei
were collected by centrifugation (500 x g, 5 min), then resuspended in one volume of nu-
clear extract buffer (20 mM HEPES-KOH pH 7.6, 0.4 M NaCl, 1 mM EDTA, 25 % glycerol,
1 x cOmplete protease inhibitors EDTA-free [Roche], 1 mM DTT). After 10 min incubation
on ice, the samples were centrifuged at 13 000 x g for 5 min. The nuclear extracts (super-
natants) were stored at — 20° C if not used immediately and the proteins concentration was
measure by Bradford method.
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Purification of DNA-MAR readers

A nicked duplex S26, containing a 5' P on the DSB was prepared. 10 yM of S26 substrate was
incubated with 5 yM PARP3 in the presence of ADPR buffer (5 mM MgClz) and 1 mM NAD+ for 20
min at 37° C. The MARylated nicked duplex was then treated with 1 % of PK (10 mg/ml) and SDS
(10 %) for 30 min at 50° C and precipitated using 9 V of acetone with 2 % LiClO4. After centrifuga-
tion the pellet was resuspended in TE buffer, mixed with 1:1 (v/v) of stop solution (10 M Urea and
10 mM EDTA), heated for 3 min at 65° C and loaded on PAGE 20 %. After migration, the gel was
exposed to UV light and bands containing the MARYylated oligonucleotide (S27) were cut (with the
minimum of gel) and incubated overnight in 200 ul of water or TE buffer in a shaker at 4° C. The
collected supernatant was mixed with 9 V acetone with 2 % LiCIO4 and the precipitated MARy-
lated-S27 was resuspended with 40 ul of water and the oligonucleotide concentration was meas-
ured by the nandrop (biospec-nano, Shimadzu). Purity of MARylated-S27 was verified on PAGE 20
% by its 3' labelling with cordycepin in comparison with non MARYylated oligonucleotide. Biotinylat-
ed duplexes with and without MAR on &' terminus were obtained by annealing 10 uM of MARy-
lated-S27 or unmodified-S27 with 10 uM of a 30 nt substrate containing a HEG spacer with subse-
quent nick ligation by T4 ligase (Thermo Scientific™ ref. EL0011) diluted 1:20 and incubated for 1
hr at 37°C in 1X T4 buffer resulting in S28 or S28 (MAR) duplexes, respectively (Figure 13). MARy-
lated and unmodified S27 and S28 was then bound to 20 pl of Streptavidin Mag sepharose beads
(Figure 13) and equilibrated with 500ul of washing buffer containing 20 mM HEPES, pH 7.6, 100
mM NaCl and 0.1 % NP-40. Beads with ss and ds, MARylated or unmodified substrates were in-
cubated with 200 pl of HeLa shPARG cell extracts containing 2 mM DTT, 1 mM MgCl,, 3 uM
PARG inhibitor and 5 % glycerol for 1 hr at 4° C while shaking. The beads alone, contaning MARy-
lated and unmodified substrates were washed 5 times with a low salt concentration buffer (20 mM
Hepes-KOH pH=7.6, 100 mM NacCl, 0.1 % NP-40 buffer), then proteins bound were eluted with two
successive elutions of 20 pl of 500 mM and 20 pl of 350 mM NaCl in buffer containing 20 mM
Hepes-KOH pH=7.6, 0.5 % MP-40, respectively. Presence of proteins in eluates was checked by
SDS-PAGE and gel staining (SilverQuest™ Silver Staining Kit #LC6070). After short electrophore-
sis migration (5 - 10 mm) on SDS-PAGE and Commassie Bleu staining, gels were sent to SICaPS
platform (I12BC, Gif sur Yvette, France).

i. Nano-LC MS/MS analysis performed by SICaPS platform

Gel regions of interest were excised and in-gel enzymatic digestion was performed with standard

conditions. Briefly, protein bands were extensively washed with CH3CN and 100 mM
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NH4sHCO3. The excised bands were treated with 10 mM DTT at 56° C for 30 min. After DTT re-
moval, cysteine carbamidomethylation was performed at room temperature for 30 min by addition
of 55 mM iodoacetamide. After removal of the supernatant, the washing procedure was repeated,
and gel slices were dried. Tryptic digestion was performed overnight at 37°C by addition of 50 pl of
5 ng/ul Porcine Gold Trypsin (Promega) diluted in 50 mM NHsHCOs. Proteolytic peptides were
extracted first by addition of 100 pl of 50% acetonitrile and 0.1% formic acid and second by addi-
tion of 100 ul of 100% acetonitrile. Extracted tryptic peptides were vacuum dried and resuspended
in 5% acetonitrile and 0.1% TFA prior to Triple TOF nanoLC-MS/MS analyses. For TIMS-TOF
PRO nanoLC-MS/MS analyses, tryptic peptides were first desalted off-line using Pierce C18 spin
columns and resuspended in 5% acetonitrile and 0.1% TFA after vacuum dried. Depending on
sample protein band intensities, nanoLC-MS/MS analyses were performed either with the ftriple-
TOF 4600 mass spectrometer (Absciex, Framingham, MA, USA) coupled to the Nano-RSLC sys-
tem (Thermo scientific) or with the Tims-TOF-PRO mass spectrometer coupled with the nanoElute
(Bruker). Briefly, for the Triple-TOF analysis, peptides were desalted on a C18 reverse phase pre-
column (C18 Acclaim Pepmap100, 3 um, 100 A, 75 um i.d.2cm length) using a loading solvent
containing H20/ACN/TFA 98%/2%/0.05%) at 5uL/min and were then eluted at a flow rate of
300nl/min from the reverse phase analytical C18 column (C18 Acclaim Pepmap100, 2 ym, 100 A,
75 ym i.d.50cm length) using a 5-35% solvent B gradient for 120 min. Solvent B was 0.1% formic
acid in 100% acetonitrile and solvent A was 0.1% formic acid in water. NanoLC-MS/MS experi-
ments were conducted in Data Dependent acquisition method by selecting the 20 most intenses
precursors for CID fragmentation with Q1 quadrupole set at low resolution for better sensitivity. For
TIMS-TOF PRO nano-LC-MS/MS, peptides were directly injected on a Aurora C18 column (C18
1.6um, 250mmx75um), ION OPTIK) using a solvent containing 2% ACN, 0.1% FA at 800 bars and
were then eluted at a constant flow rate of 400nl/min using a 0-35% solvent B gradient for 100 min.
Solvent B was 0.1% formic acid in 100% acetonitrile and solvent A was 0.1% FA in 2% ACN, 98%
H20. NanoLC-MS/MS experiments were conducted using the Data Dependent Acquisition PASEF

mode.
ii. Proteomic data analysis

Raw data from Triple-TOF and Tims-TOF Pro were processed respectively using MS data con-
verter tool (Absciex) and Data Analysis software (Bruker). Protein identification was performed
using the MASCOT search engine (Matrix science, London, UK) against SwissProt database (re-
lease 2018_10, all taxa) with carbamidomethylation of cysteines set as fixed modification. Oxyda-
tion of methionines were set as variable modifications. Peptide and fragment tolerance were re-
spectively set at 25 ppm and 0.05 Da for Triple-TOF data and 10 ppm and 0.05 Da for Tims-TOF
Pro data. Only PSM peptides with mascot ions scores higher than the identity threshold (15

and 25 for Tims-TOF and Triple-TOF respectively) at less than 1% FDR were considered.
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For label-free protein quantification, Triple-TOF and TIMS-TOF Pro raw data were respectively
processed with MaxQuant software versions 1.6.3.4 and 1.6.6.0 (Max-Planck-Institute of Biochem-
istry, MPIB) using defaults parameters and match between runs functionality. All statistical anal-
yses were performed using Perseus software (MPIB). After imputation of missing values with ran-
domly generated numbers following a normal distribution, multiple Welch’s tests were performed to
discriminate significant interactors. Proteins with p-value <0.05 and fold change >2 were first con-

sidered as variants.

iii. Basic Silver Staining Protocol

For a 8 x 8 cm NUPAGE® Novex Bis-Tris mini-gel, 1.0 mm thick. After electrophoresis, remove the
gel from the cassette and place the gel in a clean staining tray of the appropriate size. Rinse the
gel briefly with ultrapure water. Fix the gel in 100 mL of fixative for 20 min with gentle rotation. De-
cant the fixative solution and wash the gel in 30 % ethanol for 10 min. Decant the ethanol and add
100 mL of sensitizing solution to the washed gel in the staining container. Incubate the gel in the
sensitizing solution for 10 min. Decant the sensitizing solution and wash the gel in 100 mL of 30 %
ethanol for 10 min. Wash the gel in 100 mL of ultrapure water for 10 min. Incubate the gel in 100
mL of staining solution for 15 min. After the staining is complete, decant the staining solution and
wash the gel with 100 mL of ultrapure water for 20—60 s. Incubate the gel in 100 mL of developing
solution for 4—-8 min until bands start to appear and the desired band intensity is reached. After the
appropriate staining intensity is achieved, immediately add 10 mL of stopper directly to the gel still
immersed in developing solution. Gently agitate the gel for 10 min. The color changes from pink to
colorless indicating that the development has stopped. Decant the Stopper solution and wash the
gel with 100 mL of ultrapure water for 10 min. (For more details check SilverQuest™ Silver Stain-
ing Kit - Catalog Number LC6070)

iv. Western Blot

Equal amounts of DNA-MAR readers (eluate) derived from the “Purification of DNA-MAR readers”
assay (described above) were boiled in sample buffer (Bolt™ LDS sample buffer and sample re-
ducing agent) for 5 min at 95° C, centrifuged for 1 min at 16 000 g and then loaded into SDS-
PAGE Bolt™ precast mini gel (Invitrogen) along with molecular weight marker (SeeBlue™ Plus2
pre-stained protein standard). Electrophoresis was run first at 200 V for 2 min and then at 120 V for
45 min. After running the gel, proteins were transfer on an integrated nitrocellulose transfer mem-
brane for dry blotting (iBlot™ 2 Transfer Stacks: ref. IB23001) using the iBlot 2 gel transfer device
(user guide: catalog number ref. IB21001). The blot was then rinsed briefly with water, stained with
Ponceau solution. After checking the transfer quality, the blot was blocked for 2 hr (to overnight)
with 5 % milk in 1 X TBST at room temperature (RT) while shaking. After blocking, the membrane
was incuabted with primary antibody (in 5% milk + TBST 1X) against target protein, for
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overnight at 4°C while shaking. The blot was then rinsed 3-5 times for 10 mins with TBST 1X, prior
to its incubation with HRP-conjugated secondary antibody (in 5% milk + TBST 1X) for 1 hr at RT.
Finally, the membrane was rinsed 3-5 times for 10 mins with TBST 1 X and chemiluminescent
substrate (WesternBrightTM ECL — Advansta F ref.-12045-D20) was applied to the blot according
to the manufacture’s recommendation. Chemiluminescent signals were captured using a CCD-
camera based imager (Amersham Imager 600 imagers - GE Healthcare Life Sciences). Primary

and secondary antibodies specifications are described in Table 6.

V. Electrophoretic mobility shift assay (EMSA)

DNA versus MARYylated-DNA binding activity of MAR reader’s potential candidates was measured
by EMSA. Binding reactions were performed by incubating 40 nM of *?P-labeled S28 and MAR-
S28 DNA (unligated nick) respectively with 20 nM of commercial CLPB, 160 nM of PARP1, 200
nM of RPA, 1.75 uM of APTX, 1 uM of purified PARP3 or 1uM of purified N- and C-terminal of
CLPB in EMSA buffer containing 20 mM Tris-HCI, pH 7.6, 50 mM KCI (or 50 mM NaCl or 2 mM
spermine), 1 mM EDTA, 0.5 % glycerol, 1 mM DTT) for 10 min at RT (or 30 min at 4° C) . Protein
was diluted to working concentrations in EMSA buffer and always added last. After incubation, the
products of the binding reaction were mixed 1:1 (v/v) with stop solution (10 % glycerol, 6 mM
EDTA, 1.66 Tris-HCI pH 7.6, 0.005 % bromophenol blue and 0.005 % Xylene cyanol) on ice, and
loaded on 10 % PAGE 1:80 Bis-Acrylamide. Migration was done for 5 hrs (to ON) at 4°C (100-
150V, 24 mA, 6W).

In-vitro NHEJ reconstitution assay

NHEJ reconstitution of DSB repair was accomplished using different oligonucleotides structures
and NHEJ purified proteins (Figure 14). 20 nM of S22 a nicked biotinylated blunt end duplex con-
taining a 5' P on its DSB; prone for PARP3 MARYylation, and 20 nM of S25 a full-length biotinylated
blunt end duplex were incubated with 100 nM KuFL, 200 nM XL4, 25 nM DNA-PK, 25 nM Artemis,
500 nM PAXX, 20 nM XLF, 50 nM APLF and 100 nM PARP3 for 1 hr at 37° C in the presence of
200 nM streptavidine, 0.5 mM ATP and 1 uM BSA in NHEJ buffer [25 mM Tris-HCI (pH=8), 50 mM
KCI, 13 mM MgCl,, 1 mM DTT and 10 % PEG]. Ligation products were then treated with 0.5 ug/ul
pronase and 1 % sarcosyl for 30 min at 40° C (for streptavidin elimination), mixed with stop solu-
tion (10 M urea and 10 mM EDTA) and heated for 10 s at 90° C. The reaction products were ana-
lyzed by denaturing PAGE 8 %. The same experiment was performed also using 0.5 ug/ul of pre-
heated (5 min at 37° C) BL2 or or CHO extracts instead of purified NHEJ proteins in NHEJ buffer
(10 % PEG, 1 mM MgCl, 3 yM PARGi and 1 mM NAD+) for 15 min at 37° C.

Search for novel PARP1 and PARP2 inhibitors among derivatives of 1,4-
dihydropyridine with DNA binding capacity
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80 nM of PARP1 or 100nM of PARP2 or PARP3 were incubated with 10 nM of 5'-[32P] labelled
DNA duplex (S30 for PARP1 and S31 for PARP2 and PARP3) in the presence of 8 different NAD+
analogs (Figure 15) (0.5 mM): B- Nicotinamide- 2'- deoxyadenine dinucleotide (2’-deoxy-NAD+ or
dNAD+), [-Nicotinamide-8-bromoadenine dinucleotide (8-Bromo-NAD+ or Br-NAD+), B-
Nicotinamide-1,N°®-ethenoadenine dinucleotide (1,N6-etheno-NAD+ or e-NAD+), B- Nicotinamide-
8-bromo-7-deazaadenine dinucleotide (8-Br-7-CH-NAD+ or CH-NAD+), B-Nicotinamide-N®-(2-(6-
[fluoresceinyllaminohexanoyl)aminoethyl)adenine dinucleotide ( 6-Fluo-10-NAD+ or flu-NAD+), 3-
ara-2'-deoxy-2'-fluoro-nicotinamide adenine dinucleotide (ara-2'-F-NAD+ or ara-NAD+), - Nicotin-
amide- N6- (2- (6- (6 [biotinyllaminohexanoyl)aminohexanoyl)aminoethyl)adenine dinucleotide ( 6-
Biotin-17-NAD* or bio-NAD+), 3- Nicotinamide-8-bromohypoxanthine dinucleotide (8-Br-NHD+ or
NHD+) from BIOLOG Life Science Institute (Figure 14). Reaction mixture was incubated for 30
min at 37°C in ADPR buffer and then boiled for 10 sec at 95°C in Urea/EDTA stop solution (as de-
scribed above), passed through urea G25 sephadex column and loaded on 20 % denaturizing
PAGE. To assess the influence of the type of NAD* derivatives on stabilization of PAR/MAR-DNA
adducts against PARG, reaction product was heated for 5 min at 85°C, treated with 0.1 yM PARG
for 30 min at 30°C then boiled 10 sec at 95°C in Urea/EDTA stop solution (described previously),

passed through urea G25 sephadex column and loaded on 20 % denaturizing PAGE.

Table 6: Primary and secondary antibodies specifications; (H: Human, M: Mouse and R: Rabbit).
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Name Primary Ref Comapany Clonality |Isotypel Host |Reactivity]|
Anti-CLPB Primary ab76179 abcam Polyclonal 158G rabbit | Human
Anti-CLPB Primary HPAO39006 Atlas Polyclonal 1gG rabbit | Human

Anti-IMPDH2 Primary HPA0Q01400 Sigma (Atlas) Polyclonal 158G rabbit | Human
Anti-RPA3 Primary WHO0006119M1 Sigma (Atlas) Monoclonal | IgG1A | mouse | Human
Anti-ERI1 Primary MAS5-25827 Thermo-Invitrog| Monoclonal | IgG2b | mouse | H, M, R

Anti-PARP1 Primary 9532S Cell signaling Monoclonal Rabbit | H, M, R
Anti-PARP3 Primary PA5-21478 Thermo-Invitrog| Polyclonal 1gG Rabbit | H, M, R
Anti-PAR Primary |ALX-804-220-R100 Enzo mono-10H 1gG3 | mouse | H, M, R
Anti-PAN Primary MABE1016 Merck millipore| recombinant rabbit | H, M, R
Anti-MAR Primary MABE1076 Merck millipore| recombinant rabbit | H, M, R

Anti-C1QPB Primary 5734S Cell signaling Polyclonal 158G rabbit | H, M, R
Anti-PARP Primary 9542 Cell sighaling Polyclonal rabbit | H, M, R

Name Secondary Ref Comapany Clonality |Isotypel Host |Reactivity]|

Rabbit TrueBlot | Secondary 18-8816-31 Rockland Mono eB182 | 1gG | mouse | Rabbit
Anti-Rabbit HRP | Secondary A0545 Sigma-Aldrich Polyclonal 1gG Goat Rabbit
Anti-mouse HRP | Secondary A0168 Sigma-Aldrich Polyclonal 1gG-Fc | Goat Mouse

GEHealthcare Streptavidin Mag
Sepharose™ Magnetic Bead

HEG
Linker

Single Strand
Oligonucleotides ’
(s27) %,
¥ T
GCTGTGCCCT GCTGTGCCCT
Double Strand .r(_;
Oligonucleotides o, o
(s28) GCTGTGCCCTCAACCGAATT HEG GCTGTGCCCTCAACCGAATT
CGACACGGGAGTTGGCTTAA Linker CGACACGGGAGTTGGCTTAA
Peptides o
: : 2
PQPAKSAPAPKKG PQPAKSAPAPKKG

Figure 13: Biotinylated unmodified or MARylated ss/ds oligonucleotides and peptides bounded to
Streptavidin Mag sepharose beads.
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Substrate Substrate
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Figure 14: NHEJ reconstitution of DSB repair using different oligonucleotides structures and puri-
fied proteins. B: biotin, PAGE: Polyacrylamide gel electrophoresis. In the presence of PARP3 and
NAD*, MARylated-20 mer radiolabeled oligonucleotide can be observed.

6 o AN OH OH o 9 HN |I e
1]
-t W .8 ¥, PP N
PO A AN e g T
- ; <Y N N
Ny A £ |
YW NH, OH OH
OH OH il
NH.
dAP2(Nic) 8-Br-NHD+
o
HNTNH NH.
H o 2
O = H ] H OH OH 3

. N ; N OH OH
o J NH; OH OH o
ara-2'-F-NAD* ©  g-Blotin-17-NAD" 8-Br-7-CH-NAD*
H i
N A
NH, ¢ 3 N
G BN 1 N OH OH ‘N N Fluo
o o T | i Br i il L ﬂﬂm
£ b P__P N P. _.P N
o~ o070~ _o_ ~o~Lo"|'0"| 0 .0
N o OH N O OH
L [+ OH T+ —1
! (N OH OH L2l oH OH O_1_OH o I.ﬁ NH, OH OH
o o 2 o
8-Br-NAD* £ -NAD* 6-Fluo-10-NAD*

Figure 15: Series of NAD analogues structures (BIOLOG Life Science Institute).
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Table 7: Sequences of the oligonucleotides and their duplexes used in this study.

Name Oligonucleotides sequences and structures
W
S:I. 5¢' TCATAGGCTTAGTCGTCATTCGCTGTGCCCTCAA CGAATTCACARGCCTAGA HEG
3 'COACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
.
fﬁ'\
g2n 5' GCTGTGCCCTCAR CGRATTCACRAGCCTAGA HEG
31 CTTACTGCTGATTCGGATACTCGACACGGGAGTTGGCT TAAGTGTTCGGATCT Linker
4 n
P,
52 2,
5'GCTGTGCCCTCAR CGAATTCACARGCCTAGA HEG
(520} 3 1 CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
q'
521 %
5'GCTGTGCCCTCAR EG&ATTCBCA&GCCTBGA HEG
3 KGACACGGGAGTTGGCTTMGTGTTCGGATCT Linker
Q
7,
fa\
5273 5 'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3 fCACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
q
S3n 5' GCTGTGCCCTCARCCGAATTCACARGCCTAGR HEG
3" CTTACTGCTGATTCGGATACTCGACACGGEAGTT GCTTAAGTGTTCGGATCT Linker
Q n \\:%
W7
'é\
S4 51 GCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3t CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
P,
‘:6\
S5 5'GCTGTGCCCTCARA CGAATTCACAAGCCTAGA HEG
3+ CGACACGGGAGTTGGC TTAAGTGTTCGGATCT Linker
el
?
S6 5' GOCTGTGCCCOT AAGCGAATTCACAAGCCTAGA D HEG
3 (CGPAC.B.CGGGA.GT TGGCTTAAGTGTTCGGATCT Linker
<
el
fﬁ\
57 51 GCTGTGCCCTCAAC CGAATTCACRAGCCTAGA HEG
3 ICGRCACGGGRGTTG-GCTTMGTGTTCBGRTCT Linker
<
'
I‘:ﬁ\
S8 5' GCTGTGCCCTCAACC AATTCACAAGCCTAGR HEG
3¢ ’CGHCACGGGRGTTGGCTTMGTGTTCGG?LTCT Linker
q'
g
2
Sg 5t GCTGTGCCCTCAACCGAATT ACAAGCCTAGA HEG
3 '!CGACACGGG.RGTTGGCTTMGTGTTCGGHTCT Linker
Q
L
2
S 10 5' GCTGTGCCCTCARCCGAATTCAC AGCCTAGA HEG
3 "CGRCBCGGGRGTTGGCTTMGTGTTCGGHTCT Linker

Université Paris-Saclay

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France




69

s
B
LY
S 1 1 5¢ GCTGTGCCCTCAA  AATTCACAAGCCTAGA D HEG
3 ’CGRERCGGG.RGT TGGECTTARGTGTTCGGATCT
q'

Linker

B

%
S12 5 ' GCTGTGCCCTCAR CACAAGCCTAGA :) HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT
q

Linker

v,
=]
a\.

S13 5' GCTGTGCCCTCAR AGCCTAGA D HEG
3' CGACACGGGAGTTGGCTTARGTGTTCGGATCT Linker

%

< ?
Y
514 5' GCTGTGCCCTCAACCGAR ECACMGCCTAG& :) HEG
3" CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker

@
)

S15 5' GCTGTGCCCTCAA CGAATTCACAAGCCTAGAGTTACATTAGCAGATACG D HEG
3’ ’CGHCRCGGGAGTTGGCTTMGTGT'I‘CGGATCTC:AATGTMTCGTCTATGC
Q

Linker

%
S 16 5 GCTGTGCCCTCAACCGART \C'.ACAAGCC TAGAGTTACATTAGCAGATACG :) HEG
31 CGACACGGGAGTTGGCTTAAGTGTTCGGATCTCARTGTARTCGTCTATGE

g

Linker

1

-
S17 5' GCTGTGCCCTCARCCGAATT CACAAGCCTAGAGTTACATTAGCAGATACG D HEG
3' CGACACGGGAGTTGGCTTAA-GTGTTCGGATCTCAATGTAATCGTCTATGC

Q

Linker

»t*

£y
518 5" GCTGTGCCCTCAACCGAATTCAC AGCCTAGAGTTACATTAGCAGATACG D HEG

3 ’CGACACGGGRGTTGGCTTMG TGTTCGGATCTCAATGTRATCGTCTATGEC
Q

Linker

)
< g
519 5 ' GCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker

re

)

&

ti £y t
5'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3 'CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker

520

£

521 N

it n r
5' GCTGTGCCCTCAR CGAATTCACAAGCCTAGA HEG
3 'fCGACACGGGBGTTGGCTTAAGTGTTCGGATCT Linker
q
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w

o o
522 GATGCCTCCAAGGTCGACGA TGCAGACACTGATATATGTACAGATTCGGTTGATCATAGCACAATGCCTGCTAACCCACTATCG
CTACGGAGGTTCCAGCTGCT -ACGTCTGTGACTATATACATGTCTAAGCCAACTAGTATCGTGTTACGGACGATTGGGTGATAGC
Li:]
[r
iy
523 GATGCCTCCAAGGTCGACGATGCAGACACTGATATATGTACAGATTCGGTTGATCATAGCACAATGCCTGCTAACCCACTATCG
CTACGGAGGTTCCAGCTGCTACGTCTGTGACTATATACATGTCTAAGCCAACTAGTATCGTGTTACGGACGATTGGGTGATAGC
m
" :
7
S24 GATGCCTCCAAGGTCGACGATGCAGACACTGATATATCTACAGATTCGGTTGATCATAGCACAATGCCTGCTAACCCACTATCS
CCTACGGAGGTTCCAGCTGCTACGTCTETGACTATATACATGTC TAAGCCAACTAGTATCGTGT TACGGACGAT TGGGTGATAGC
w
trte
CGTTAAGTATCTGCATCTTACTTGATGGAGGATCCTGTCACGTGCTAGACTACTGGTCAAGCGCATCGAGAACT
S25 GCAATTCATAGACGTAGAATGAACTACCTCCTAGGACAGTGCACGATGTCATGACCAGTTCGCGTAGCTCTTGE
m
[+1} m
S26 dcretecceT CAACCGAATTCACAAGCCTAGA
CGACACGGGA-GTTGGCTTAAGTGTTCGGATCT
[+ 1]
] |
527 GCTGTGCCCT
"rf.
527 A
il
(MAR) GCTGTGCCCT
iy
$28 GETGTGCCCTCARCCGAATT HEG
CGACACGGGAGTTGGCTTAR Linker
Ay
4,
528 o g
[M AR) GCTGTGCCCTCAACCGAATT HEG
CGACACGGGAGTTGGCTTAR Linker
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RESULTS

Chapter I: Insight into DNA substrate specificity of PARP1-catalysed DNA
poly(ADP-ribosyl)ation

Preferential PARylation of 3'-terminal phosphate at a DSB site by PARP1

Previously, we have demonstrated that PARP1 preferentially ADP-ribosylates 5'-terminal phos-
phates of single-stranded (ss) oligonucleotides and of 5-overhangs of a DSB in recessed DNA
duplexes [12, 13]. Notably, the 2'-hydroxyl group of cordycepin at the 3' end of a recessed DNA is
also targeted by PARP1 for covalent PARylation [12]. Nevertheless, PARP1-mediated DNA ADP-
ribosylation of DNA substrates tested until now is still much less effective than PARP2- or PARP3-
catalysed PARylation of their preferred DNA substrates [12, 13]. In the present study, we further
characterised PARP1 DNA substrate specificity and the mechanism of its DNA PARylation activity.
It has been demonstrated elsewhere that PARP2- and PARP3-catalysed DNA ADP-ribosylation is
strongly dependent on the distance between breaks in DNA substrates [13]. Thus, for optimisation
of PARP1 DNA PARylation activity we performed an in vitro assay at a saturating concentration of
NAD+ (1 mM) with the human PARP1 enzyme and various 32P-radiolabelled Dbait-based DNA
structures (Table 7) containing a one-nucleotide (nt) gap for PARP1 activation and 5'- or 3'-terminal
phosphates as acceptor groups of various overhangs at a unique DSB end (the opposite DSB ter-
minus ended with a hexaethyleneglycol loop). The reaction products were analysed by denaturing
PAGE. As shown in Fig.16, in case of a 1-nt gap situated 13 nt downstream of the 5' DSB termi-
nus, effective PARylation of the 5'-terminal phosphate started when 5'-overhangs were 27 nt, re-
sulting in a 24-34% vyield of PARylated products (S1" DNA substrates, n = 7; Fig.16A, B). Similar
results were obtained in the presence of a physiological non-saturating concentration of NAD+ (50
pM) and a 2.5-fold—increased concentration of PARP1 (Figure 17) suggesting that speed of
PARP1-catalysed PAR formation does not significantly affect DNA substrate specificity. Notably,
HPF1 (histone PARYylation factor 1), a PARP1’s interacting partner that is known for modulation of
target specificity of PARP1 to serine residues, did not affect PARP1 activity towards the S17 sub-
strate or its profile towards S1" DNA substrates (Figure 18). Substrates SOn mimicking substrates
S1n but containing a gap on the opposite strand were less effectively PARylated than S1" were;
however, SOn showed a similar profile of the PARylation dependence on the length of 5’ overhangs
(Figure 16B). In contrast to SO" and S1", 3'-phosphorylated protruding termini in DNA substrates
S2" and S3" were not effectively PARylated by PARP1 even at n = 21 (Fig. 16C). By contrast, sur-
prisingly, we found that an S2 (S2°) DNA substrate containing 3'-phosphate at the blunt DSB ter-
minus was PARylated very effectively (72% of the product; Fig. 16C). Notably, we did not observe

significant modification of 3'-phosphorylated termini when the 1-nt gap was placed on the
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same, 3'-terminus—containing strand of the duplex (S3n substrates, Fig. 16C). Furthermore, we
compared PARP1 activity towards substrates S2, S2', S27" and S272 (Fig. 19A) to verify how sen-
sitive PARP1 is towards the position of the 3'-phosphate in S2-based DNA duplexes. The results
revealed drastic inhibition of DNA PARylation in case of substrates with a 1-nt 3"-overhang or 3-nt
recessed 3' terminus (S2' and S273, respectively; Fig. 19A). Only substrate S27' was as effective
as substrate S2 was (Fig. 19A, B), suggesting strict necessity of PARP1 for a 3'-phosphorylated
blunt or 1-nt recessed DSB terminus when the gap is positioned on the opposite strand of the DNA
duplex 13 nt downstream from the 5' terminus of DSB. Modification of an unlabelled 3'-terminal
phosphate and not of a 5'-[32P]labelled terminus in the S2 molecule was confirmed by calf intesti-
nal alkaline phosphatase (CIP) treatment of the reaction products (Fig. 19C). PARP1 kinetic exper-
iments uncovered rapid 3'-phosphate modification with a majority of S2 and S27' DNA substrates
PARYylated already after the first minute of the reaction (Fig. 19B) and continued to be effective at

low (down to 2 yM) concentrations of NAD+ (Fig. 19D).
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Figure 16: Effects of the type and size of protruding ends in Dbait-based DNA structures contain-
ing a 1-nt gap on the PARP1-catalysed formation of PAR-DNA adducts. Twenty-
nanomolar PARP1 was incubated with 20 nM 5'-[32P]labelled oligonucleotide and 1 mM
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NAD+ for 15 min at 37°C under standard reaction conditions. (A) Denaturing PAGE analysis of
PARP1-generated products of PARYylation of [32P]labelled DNA substrates S1" . (B) Comparison
of DNA PARYylation efficiency among the experiments presented in panel A. (C) Comparison of
DNA PARylation activities of PARP1 towards DNA substrates S2" and S3". The data on PARP-
catalyzed formation of PAR-DNA products are presented as mean = SD from three independent
experiments.

Furthermore, we compared PARP1 activity towards substrates S2, S2', S2-" and S22 (Fig. 17 A) to
verify how sensitive PARP1 is towards the position of the 3'-phosphate in S2-based DNA duplexes.
The results revealed drastic inhibition of DNA PARylation in case of substrates with a 1-nt 3'-
overhang or 3-nt recessed 3' terminus (S2' and S23, respectively; Fig. 17 A). Only substrate S2-!
was as effective as substrate S2 was (Fig. 17 A and B), suggesting strict necessity of PARP1 for a
3'-phosphorylated blunt or 1-nt recessed DSB terminus when the gap is positioned on the opposite
strand of the DNA duplex 13 nt downstream from the 5' terminus of DSB. Modification of an unla-
belled 3'-terminal phosphate and not of a 5'-[*?P]labelled terminus in the S2 molecule was con-
firmed by calf intestinal alkaline phosphatase (CIP) treatment of the reaction products (Fig. 17 C).
PARP1 kinetic experiments uncovered rapid 3'-phosphate modification with a majority of S2 and
S2" DNA substrates PARylated already after the first minute of the reaction (Fig. 17 B) and contin-
ued to be effective at low (down to 2 uM) concentrations of NAD* (Fig. 17 D).
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Figure 17: ADP-ribosylation of S1" DNA duplexes containing 5'-otherhangs by PARP1 at a non-
saturating concentration of NAD+. [32P]labelled S1n DNA duplexes (20 nM) were combined with
50 nM PARP1 in the presence of 50 yM NAD+for 15 min at 37°C under standard reaction condi-
tions. The data on PARP-catalyzed formation of DNA ADP-ribosylation products are presented as
mean £SD from three independent experiments.
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Figure 18: PARP1 DNA PARYylation activity in presence of HPF1. (A) The 5'-[32P]labelled S17
DNA duplex (20 nM) was incubated with PARP1 (10 nM) and varying concentrations of HPF1
under standard reaction conditions. The products of the reaction were separated using dena-
turing PAGE. (B) Comparison of DNA PARylation activities of PARP1 (10 nM) toward S1"
DNA substrates (20 nM) in presence of 100 nM HPF1 under standard reaction conditions. The
purified human HPF1 protein was kindly provided by Dr Ivan Ahel (University of Oxford, U.K.).
The error bars represent the standard deviation (n= 3).
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Figure 19: PARP1-catalysed PARYylation of S2" DNA structures with a 3'-phosphate terminus at
the DBS end. (A) [32P] labelled DNA substrates S2" (50 nM) were incubated with 40 nM PARP1
for 10 min 37°C. (B) Time dependence of PARP1-driven PARylation of substrates S2 and S2°'.
DNA substrates (50 nM) were incubated with 20 nM PARP1 for the indicated period under stand-
ard reaction conditions. (C) CIP-induced dephosphorylation of 5-[32P] labelled PAR-S2" products.
After incubation with PARP1, the S2 samples were heated for 10 min at 85°C, and the resulting
[32P]labelled DNA PARylation products were further incubated with 10 U of CIP for 30 min at
37°C. (D) The dependence of S2 DNA (40 nM) PARylation by PARP1 (20 nM) on NAD+ concen-
tration. The data in panels C and D are presented as mean + SD from three independent experi-

ments.
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An SSB-oriented mechanism of PARP DNA PARylation

It has been demonstrated that the accessibility of terminal phosphates of a DSB for PARP2 and
PARP3 catalytic sites depends on the distance from a downstream nick [13]. Here, we assessed
the dependence of PARP1-catalysed 3'-terminal phosphate PARYylation on the distance between a
gap and a blunt DSB end in Dbait-based DNA structures of different lengths. As presented in Fig.
20, among substrates tested in columns 1-10, only DNA substrates containing a gap at a 13- or
23-nt distance from DSB termini (substrates S2 and S15 or S10 and S18, respectively) were
PARylated effectively. Notably, the extent of DNA-PARYylation was very sensitive to the distance
between the DSB and the 3' end of the SSB because attachment of a single nucleotide to the S7
substrate resulted in a strong reduction of DNA PARYylation in comparison to the S2 substrate. Tak-
ing into account that the 10-nt difference in the distance represents one turn of the DNA helix,
these data suggest that the position of the acceptor phosphate relative to SSB in the DNA helix
plays a discriminating role for PARP1-dependent modification, as observed previously in the case
of PARP2 and PARP3 enzymes. This conclusion was confirmed by significant PARylation of a 5'-
terminal phosphate observed at a blunt-ended DSB in the S14 substrate (Fig. 20, column 14) but
not in the S1° substrate (Fig. 16), which feature a half-DNA helix difference in the positions of their
gaps (18 and 13 nt downstream from the DSB end, respectively). The increased size of gaps in
substrates S11, S12, and S13 (3, 7 and 11 nt, respectively) resulted in a significantly lower DNA
PARYylation yield (17-48%) as compared to the S2 substrate (77%) containing a 1-nt gap (Fig. 20,
columns 11-13 versus 2). Modification of an unlabelled 3'-terminal phosphate at DSB end in sub-
strates S10-13 was confirmed by CIP treatment of the reaction products (Fig. 21). These results
indicated that PARP1-dependent DNA PARYylation of the 3'-terminal phosphate at the DSB termi-
nus is not restricted to DNA duplexes with short gaps although the 1-nt gap apparently better coor-
dinates PARP1 binding and activation for subsequent PARylation of such DNA substrates.
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Figure 20: Gap—DSB distance dependence of PARP1-catalysed PARYylation of the 3' phosphate
at a DSB end of DNA duplexes. The data on PARP-catalyzed formation of PAR-DNA products
are presented as mean = SD from three independent experiments performed under standard

reaction conditions.
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Figure 21: Validation of PARP1-dependent PARYylation of 3'-phosphorylated DSB termini of DNA
substrates S2 and S10-13 by CIP-induced dephosphorylation. After incubation with PARP1, the 5'-
[32P]labelled DNA samples were heated for 10 min at 85°C, and the resulting [32P]labelled DNA
PARylation products were further incubated with 10 U of CIP for 30 min at 37°C.

The monomeric mode of PARP1 binding to Dbait-based molecules prone to PARylation

DNA molecules prone to ADP-ribosylation contain at least two proximal breaks for PARP activation
and terminal phosphate modification. It has been suggested that PARP affinity for the modification
site should be relatively low to prevent the binding of a second PARP molecule, which can sterical-
ly protect this site from modification [12, 13]. Taking into account that both DSB blunt ends and an
SSB have high affinities for PARP1 [130, 217], the effective PARylation of DNA substrates S2 and
S14 raises a question: Does PARP1 bind to blunt-ended DSB termini of such substrates? A gel
electromobility shift assay (EMSA) of 5'-[*?PJlabelled DNA substrates S2, S4, S5 and S16 in the
presence of various PARP1 concentrations showed that PARP1 complexes with S2 and control
ungapped S4 migrated as single bands and had similar electromobility (Fig. 22 A, lanes 8, 9 and 2,
3, respectively). On the contrary, PARP1 complexes with substrate S5 (the same as S2 but the 3'-
phosphate is absent) and S16 (contains the 3'-phosphate but at a position not prone to
PARylation) migrated notably more slowly as diffuse doublets (Fig. 22 A, lanes 6 and 12,
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respectively) indicating a binding of an additional PARP1 molecule. Previously, formation of 1:1 or
2:1 PARP1-DNA complexes on EMSA gels has been demonstrated with 53-bp blunt-ended DNA
duplexes [218]. These data are suggestive of the monomeric mode of PARP1 binding to the S2
DNA substrate (Fig. 22 B). Intramolecular accommodation of the phosphorylated DSB terminus of
the S2 substrate in the catalytic site of PARP1 bound to the gap on the same DNA molecule, in our
opinion, could explain the observed “hiding” of the DSB terminus of the S2 substrate from the bind-

ing of an additional PARP1 molecule and consequently its effective PARylation.
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Figure 22: The monomeric mode of PARP1 binding to DNA molecules prone to PARylation. (A)
The EMSA. Each of 20 nM DNA duplexes was incubated with 0, 50 or 100 nM PARP1 in a buffer
consisting of 20 mM Tris-HCI pH 7.6, 50 mM KCIl and 1 mM DTT for 10 min at room temperature.
The DNA-—protein complexes were analysed by electrophoresis in a 4-12% Tris-Glycine poly-
acrylamide gel (Novex) under non-denaturing conditions. (B) The putative model of PARP1 com-
plexes with DNA substrates prone (S2) or not prone (S5) to DNA break PARylation.
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A 3'-phosphorylated DSB terminus is a major acceptor site of PARylation as compared to
PARP1 auto-ADP-ribosylation

Previously, we demonstrated preferential DNA break modifications by enzymes PARP2 (~5-fold)
and PARP3 (~50-fold) as compared to their auto-ADP-ribosylation if the DNA substrates are prone
to ADP-ribosylation [13]. Nevertheless, PARP1 modification of DNA breaks in our in vitro assays
has always been at least 10-fold less effective than simultaneous auto-ADP-ribosylation [12, 13].
Here, we incubated unlabelled DNA substrates S2, S4 and S5 with PARP1 in the presence of a
low concentration of [adenylate->2P]NAD* and separated both types of ADP-ribosylation products
by SDS-PAGE (Fig. 23).

S2 S4* Sh* S2* * unlabelled DNA
w w

) av)
FFIF
Bl & 8 8
3 3 %
DNase |
- +
PARP1
- - ADP-ribosylated PARP1
B
S2 marker- . } ADP-ribosylated DNA

SR I S S

Figure 23: Comparison of the efficiency of PARP1-catalysed auto- and DNA ADP-ribosylation. The
denaturing SDS-PAGE analysis of the products of PARP1 incubation with cold oligonucleotide du-
plexes in the presence of [adenylate-32P] NAD*. For details see Materials and Methods.
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The results indicated that PARP1 was efficiently auto-ADP-ribosylated in the presence of any DNA
substrates tested, but a DNA ADR-ribosylation product was observed only in case of the S2 con-
struct containing the 3'-phosphate at the DSB terminus. The yield of S2 DNA ADR-ribosylation was
~5-fold higher as compared to PARP1 auto-ADR-ribosylation in the same reaction mixture (Fig. 23,
lane 4), suggesting that PARP1-catalysed DNA ADP-ribosylation can be even more effective than

its auto-ADP-ribosylation in case of an optimal configuration of proximal DNA strand breaks.

3'-Phosphorylated DNA substrates are PARylated in human cell-free extracts

To test the possibility of the 3'-terminal phosphate ADP-ribosylation at a DSB site in extracts of
human cells, we used DNA substrates S19 and S20 mimicking constructs S4 and S2, respectively,
but containing several internucleotide thiophosphate linkages for protection against nuclease deg-
radation (Table 7). As depicted in Figure 23, the 5'-[*?P]labelled S19 control substrate without a
gap and 3'-terminal phosphate group was not effectively PARylated in HeLa PARGK® cell-free ex-
tracts and partially degraded (lanes 3-5). In contrast, the 5'-[*2P]labelled S20 substrate with a 1-nt
gap, 3'-terminal phosphate, and an additional thiophosphate linkage at the site of the hexa-
ethyleneglycol loop was effectively PARylated and not degraded in the condition tested (lanes 9,
10 and 15). PARYylation of the 3'- but not 5-[*2P]labelled phosphate in the S20 substrate was con-
firmed by additional CIP treatment that completely removed the unprotected [*?P]labelled phos-
phate of PARylated products (lanes 14 and 16). These results are in agreement with the data ob-
tained in our previous work showing effective PARP1-dependent PARylation of a 5'-terminal phos-
phate in a 5'-overhang of an S17-like DNA molecule in human cell-free extracts[13]. Altogether,
these results suggest that the DNA PARYylation activity in the HelLa cell-free extracts can be effi-
cient towards both 3'- and 5'-terminal phosphates depending on the structure of DNA breaks.
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Figure 24: Formation of PAR-3' phosphate-DNA adducts in nuclear extracts from Hela
PARGKD cells. Fifty-nanomolar [32P]labelled S19 or S20 Dbait-based molecules were incubated
with 2.5 pg/ul HelLa extracts or 40 nM PARP1 in the presence of 67 mM KCI, 10 mM HEPES- KOH
pH 8.0 and 500 uM NAD+ for 20 min at 37°C. The reactions were stopped by heating the samples
for 10 min at 80°C, and the resulting DNA PARylation products were next incubated with 20 pg/ul
PARG (lanes 5 and 10) or after phenol-chloroform extraction with 10 U of CIP for 30 min at 37°C
(lanes 12, 14 and 16). The reaction products were analysed by denaturing PAGE.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



83

Chapter ll: Identification of MAR Readers in Cell-free Extracts

Identification of MAR Readers in cell-free extracts: use of proteomics-based approach to
purify and identify proteins that specifically bind to MAR-DNA adducts

Still little is known about proteins responsible for detection and removal of ADP-ribosylated DNA
adducts. Recently, Ahel’'s laboratory demonstrated that the MAR moiety that is covalently attached
to oligonucleotide termini can be removed not only by PARG but also by other cellular hydrolases,
though with much lower efficacy, such as MACROD1, MACROD2, TARG1, and ARH3 [43, 219].
We believe that the half-life of DNA—PAR or DNA-MAR adducts should be similar to that of PARy-
lated proteins and may depend on the recruitment of PARG to the sites of ADP-ribosylation. In the
absence of PARG, which is the major glycohydrolase in the nucleus, ADP-ribosylated DNA strand
break termini may lead to persistent DNA damage and thus would be highly genotoxic as com-
pared to PARylated PARPs and histones. The inhibition PARG and other related enzymes repre-
sents an attractive strategy for developing new inhibitors of the DNA repair pathways, overcoming
limitations of existing PARP inhibitors. Here, we used a proteomics-based approach to purify and
identify proteins that specifically bind to MAR-DNA adducts. This information will provide insights
on the protein interaction network that is modulated by DNA ADP-ribosylation, and potentially on
the function of this modification in the regulation and coordination of DNA strand breaks repair,

replication and apoptosis.

For affinity purification of readers of ADPr-DNA adducts we used MARylated and not PARylated ss
and dsDNA oligonucleotides in order to avoid concomitant purification of PAR-binding proteins.
PARP3 MARylated oligonucleotides, synthetic MARylated short peptides and corresponding non-
MARylated control oligomers containing biotin were bound to streptavidin coated magnetic beads
and incubated with whole cell-free extracts from HeLa PARGK® cells. After extensive wash step
and elution with high salt concentration protein samples were loaded on SDS PAGE and the re-

sults were visualized by Silver Staining assay after electrophoresis.

As it's shown in Figure 25, MARYylated duplexes bound more proteins (P[MAR-dsDNA]) compared
to non-MARYylated duplexes (P[dsDNA]), in contrast to MARylated ssDNA (P[MAR-ssDNA]), where
we notice a depletion of certain proteins compared to control ssDNA (P[ssDNA]). Almost no pro-
teins were bound to the beads alone (P[beads]), which were used here as a “negative control”.
Similar results were obtained with SDS elution, except for the presence of high levels of streptavi-
din contamination. For proteomic analysis protein samples were loaded on SDS PAGE and after

short migration and fixation were sent to 12BC proteomic Platform.
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Figure 25: Verification of the presence of bound proteins on MARylated ssDNA and dsDNA sub-
strates by Silver Staining after SDS PAGE.

More than 500 different proteins in PIMAR-dsDNA] and P[ssDNA] samples have been identified.
Quantitative and statistical data obtained from proteomic analyses represented in Figures 26 and
28 (for dsDNA and ssDNA-based ligands, respectively) as a volcano plot with —log10(p-value) ver-
sus log2(fold change). Selections of 70 depleted, 18 unchanged or 75 enriched proteins out of a
total of 526 proteins in case of PIMAR-dsDNA] were made by their p-value < 0.05 (-log10(p-value)
= 1.3) and fold change 22 or <0.5 (log2(fold change) = |1|) (Table 9). Similarly we selected 120
depleted, 3 unchanged or 15 enriched proteins out of a total of 470 proteins in case of P[MAR-
ssDNA]. The observed enrichment of PARP14 (known for high affinity to ADPr [220]) and TARG1
(known for ADPr-phosphate bond hydrolysis [43]) in all samples with MARylated ligands serves as
a positive control for these experiments and confirms the reliability of the data obtained.
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Figure 26: Volcano plot illustrates significantly differentially abundant proteins in samples purified
on MAR-dsDNA beads. The fold change is determined by the P[IMAR-dsDNA]/P[dsDNA] ratio.

Importantly, as the washing conditions used in the purification protocol were not strong enough to
dissociate protein complexes present in the cell extracts, it is possible that some proteins, which
are found enriched on MARYylated ligands, do not interact with these ligands directly but as a part
of protein complexes. Analysis of potential protein-protein interactions among identified candidates

(Figures 27 and 29) was performed using “String v.11” database (https://string-db.org). Thus, the

majority of the obtained complexes/clusters such as ribonucleoproteins or cytoskeletal proteins
were excluded of the MAR-DNA readers’ candidates list, as the protein(s) in theses complexes
responsible for direct interaction with the MARylated adducts remains undefined. Notably, some of
the DNA repair proteins (NHEJ proteins: NONO, PSPC1, PAXX, APTX), cytoskeletal proteins (Fil-
ament-forming cytoskeletal GTPase: SEPT9, 2 and 7 and Heteromer forming proteins: NONO,
PSPC1), PAR synthesis and degradation proteins (PARP1, PARP14, TARG1), ribonucleoproteins
(HNRNPH1, HNRNPK-M, SNRPD3, SYNCRIP) were found to be enriched in MARylated versus
non MARylated samples, on the other hand some of the DNA repair proteins (BER, NER: APEX1,
SMUG1, TDG, NEIL2, RAD54B, XPA) and exonucleases (XNR2, FEN1, NEIL2) were depleted in
MARylated samples.
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Figure 27: Protein—protein interaction network of 77 proteins enriched on MAR-dsDNA as com-
pared to unmodified dsDNA based on “String v.11” database. Where the thickness of lines be-
tween protein nodes indicates the strength of experimental/biochemical data support for their phys-
ical interaction (confidence score = 0.4). Network was clustered to the Markov Cluster (MCL) infla-

tion parameter = 3.
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Figure 28: Volcano plots illustrates significantly differentially abundant proteins in P[IMAR-ssDNA]
versus P[ssDNA]. The fold change is determined by the P[MAR-ssDNA]/P[ssDNA] ratio.
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Figure 29: Interaction network of proteins enriched on MAR-ssDNA as compared to unmodified
ssDNA (based on “String v.11” database, as described in Figure 25).
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In order to distinguish proteins that are able specifically bind MAR-DNA adducts and not just a ter-
minal MAR-residue, we performed purification of proteins from the HeLa PARGXP cell-free extracts
bound to the beads with a synthetic MARylated peptide (P[MAR-peptide] samples, Figure 30) in

comparison to control unmodified peptide (P[peptide]) and beads alone (Figure 31).

Only beads -

Beads-Ctrl-peptide -

Beads-MAR -peptide - .

Figure 30: Verification of the MAR presence in used peptides by blotting technic (Anti-MAR anti-
body ref. MABE1076).

As it is shown corresponding volcano plot (Figure 31 B), 51 proteins out of total 758 proteins were
significantly enriched in P[MAR-peptide] versus P[peptide] samples. Importantly, the majority of
these proteins were different from those enriched on MARylated DNA suggesting their specific
interaction with MAR-DNA adducts. The enrichment of known ADPr readers PARP14 (-log p value
1.88; fold change log2 7.55), PARP9 (-log p value 3.5; fold change log2 9.42) and ARH3 [68, 72] (-
log p value 2.26; fold change log2 3.29) on MARYylated versus unmodified peptides validate the
obtained data. The strong enrichment of IMPDH1 and IMPDH2 on both MAR-ssDNA and MAR-
peptide samples exclude their specific interaction with MAR-DNA adducts but strongly suggest that

these proteins are novel ADPr readers.
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Figure 31: A. Verification of the presence of bound proteins on MARYylated-peptide samples SDS
PAGE. B. Volcano plots illustrates significantly differentially abundant proteins in P[MAR-peptide]
versus P[peptide]. The fold change is determined by the P[MAR-peptide]/P[peptide] ratio.
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Figure 32: Interaction network of proteins enriched on MAR-peptide as compared to unmodified-
peptide (based on “String v.11” database, as described in (Figure 25).
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Finally, after exclusion of ADPr readers enriched on MARylated-peptide from the list of proteins
enriched on MAR-dsDNA and MAR-ssDNA (Table 9) the obtained potential DNA-MAR readers

were summarized in Table 8.

Table 8: List of selected ds/ssDNA MAR-readers.

Selected enriched proteins on Selected enriched proteins on
P[MAR-dsDNA] versus P[dsDNA] P[MAR-ssDNA] versus P[ssDNA]

NONO, RPL35A, PSPC1, CORO1C, | EIF4A3, TTL, CLCN7, OGFR, CLPB, PIPS5K1A,
HNRNPH1, SEPT9, PPP1R12A, SEPT2, | APTX, RTCA, RPA3, SEC61A1; OARD1
PPP1CC, FUBP1, SFPQ, SPTAN1, GLUD1-2, | (TARG1), NFIB, ERI3, ENO1, PGK1.

OARD1 (TARG1), CAPRIN1, SEPT7, DDX21,
PABPC1, PA2G4, MYH9, GNB2L1, G3BP2,
c1QBP, VIM, G3BP1, RUVBL1 PTBP1,
SLC3A2, CLPB, DSP, DHX9, RAI14, PFKP,
SYNCRIP, DDX17, RPL13, LMNA,
C90rf142(PAXX), HNRNPK, RPS3A, RPL10A,
PLEC, FUS, RPL24, HNRNPM, ACTG1-A,
NCL, RPL12, HNRNPA2B1, RPS13, RPL18A,
HNRNPA1, THRAP3, RPL4, RPL14 RPS15A,
TUBA1B, RPS4X, NPM1, RPL3, TUBB4B-A,
RPL7A, PCBP2, RPL6, RPL7, RPLPO-6,
PARP1, HSPA8, RPL15, MPG, RPS16,
RPL27A, APTX, XRCC1

Notably, CLPB and IMPDH1/2 do not possess known ADPr-binding motifs or domains contrary to
majority of the proteins found enriched in MARYylated samples. It is possible that their adenosine
binding domains: AAA of CLPB and CBS of IMPDH1/2 are responsible for ADPr recognition (Fig-
ures 33 and 34).
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o CLPB (Caseinolytic peptidase B protein homolog) a mitochondrial chaperone protein be-
longing to the AAA + superfamily of ATPases, The AAA + ATP binding domain can poten-
tially be involved in the recognition of ds and ss DNA-MAR adducts. CLPB scores a -log p
value 1.3 and a fold change log2 3.5 in MAR versus control ds-DNA, and a -log p value 1.4
and a fold change log2 3.74 in MAR versus control ss-DNA.
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Figure 33: CLPB domain organization according to SMART (Simple Modular Architecture Re-
search Tool, https://smart.embl.de protein domain annotation resource. ANK (ankyrin repeat) do-
main, AAA (ATPases Associated) domain.

o [IMPDH1/2 (inosine-5-monophosphate dehydrogenase) a protein belonging to the GMPR
family. It catalyzes the conversion of inosine 5'-phosphate (IMP) to xanthosine 5'-phosphate
(XMP), in the de novo synthesis of guanine nucleotides, and therefore plays an important
role in the regulation of cell growth. It could also have single-stranded nucleic acid binding
activity and could play a role in the metabolism of RNA and / or DNA; enriched in the case
of MARylated ss-DNA versus control ss-DNA, IMPDH1 (-log p value 2.75; fold change log2
6.56) and IMPDH2 (-log p value 2.19 ; fold change log2 5.92).

\ ‘(@
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Figure 34: IMPDH2 domain organization according to SMART (Simple Modular Architecture Re-
search Tool, https://smart.embl.de ) protein domain annotation resource. CBS (cystathionine beta-
synthase) domain.
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Table 9: Proteomics data for PIMAR-dsDNA] and control samples showing the list of selected pro-
teins with —log10(p-value) = 1.3 (at least for one of three conditions). In green: enriched proteins, in
blue: unchanged and in red: depleted proteins for MARylated dsDNA versus dsDNA along.

number of P[MAR-dsDNA] vs P[dsDNA] P[dsDNA] vs P[beads] P[MAR-dsDNA] vs P[beads]

Gene names peptides (-log 10 p- log2(fold (-log10 p- | log2(fold (-log 10 p- log2(fold

value) change) value) change) value) change)
NONO 19 1,36 7,00 0,63 3,03 1,73 10,02
RPL35A 4 2,69 6,77 0,23 -0,78 1,77 6,00
PSPC1 6 2,47 6,48 0,16 0,26 4,68 6,74
CORO1C 10 1,50 6,48 0,59 -0,90 1,25 5,58
HNRNPH1 5 2,75 6,33 NaN 0,00 1,60 5,01
SEPT9 9 2,39 6,06 0,15 0,23 3,73 6,29
PPP1R12A 8 1,98 5,97 0,10 0,29 1,78 6,27
(Sept 2) 8 1,31 5,84 0,42 1,52 2,45 7,36
PPP1CC 4 2,36 5,74 NaN 0,00 2,44 5,07
FUBP1 5 2,20 5,71 NaN 0,00 2,64 6,16
SFPQ 24 3,52 5,62 1,42 1,31 3,14 6,93
SPTAN1 10 1,67 5,50 1,72 -3,22 0,83 2,28
GLUD1-2 8 2,05 5,46 0,05 0,14 3,08 5,60
OARD1 7 2,37 5,45 0,93 1,66 2,82 7,11
CAPRIN1 6 1,32 5,20 0,60 2,16 3,06 7,35
(Sept 7) 7 1,32 5,18 0,52 1,67 2,66 6,85
DDX21 6 1,50 5,03 0,08 -0,31 1,86 4,72
PABPC1 15 1,36 4,96 0,23 0,74 3,36 5,70
PA2G4 6 1,35 4,94 0,63 1,79 2,38 6,73
MYH9 43 2,10 4,79 1,14 1,66 2,90 6,46
GNB2L1 4 3,16 4,71 0,73 0,85 3,18 5,57
PARP14 48 3,08 4,71 0,21 0,69 1,42 5,40
G3BP2 5 1,33 4,68 0,41 1,22 3,97 5,90
C1QBP 4 1,75 4,65 0,54 1,36 2,42 6,00
VIM 41 3,17 4,33 0,42 0,77 2,05 5,10
G3BP1 13 1,19 4,23 1,05 3,67 2,93 7,89
RUVBL1 2 2,35 3,70 NaN 0,00 2,94 4,62
PTBP1 19 2,17 3,64 1,50 3,19 2,45 6,83
SLC3A2 3 1,22 3,59 0,35 -1,03 0,95 2,56
CLPB 7 1,29 3,55 0,11 -0,41 1,30 3,14
DSP 36 1,60 3,54 0,09 0,29 1,58 3,83
DHX9 11 2,86 3,21 0,84 2,61 1,53 5,82
RAI14 7 1,00 3,13 0,27 0,88 1,61 4,01
PFKP 7 1,13 3,10 NaN 0,00 1,11 3,32
SYNCRIP 8 1,88 3,04 1,30 2,16 2,03 5,20
DDX17 16 3,58 2,97 0,78 3,37 1,25 6,34
RPL13 6 2,29 2,97 0,92 3,49 1,38 6,46
LMNA 27 2,54 2,86 0,09 -0,13 2,06 2,73
C9orf142 6 2,30 2,68 2,41 2,77 2,61 5,45
HNRNPK 30 1,16 2,62 1,04 2,21 1,90 4,83
RPS3A 15 3,02 2,48 1,36 3,36 1,82 5,84
RPL10A 5 2,08 2,48 0,97 1,03 2,54 3,51
PLEC 122 2,17 2,45 1,59 1,94 2,85 4,39
FUS 5 1,56 2,38 2,38 3,94 2,99 6,32
RPL24 3 1,98 2,37 1,65 3,84 2,48 6,21
HNRNPM 15 1,26 2,31 1,20 4,44 1,58 6,76
ACTG1-A 13 1,05 2,28 0,71 0,40 1,24 2,68
NCL 20 1,01 2,22 0,78 1,66 2,65 3,88
RPL12 6 2,51 2,22 0,89 3,63 1,25 5,85
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HNRNPA2B1 9 1,27 2,19 1,69 2,75 2,42 4,94
RPS13 4 1,19 2,17 1,25 3,39 1,85 5,56
RPL1SA 4 1,43 2,13 2,87 4,60 3,08 6,73
HNRNPA1 12 2,22 2,08 2,13 4,00 2,72 6,09
THRAP3 2 1,24 2,04 NaN 0,00 1,35 2,47
RPL4 12 2,63 2,01 0,80 3,53 1,14 5,54
RPL14 3 1,59 2,01 0,68 2,26 1,16 4,27
RPS15A 4 1,56 1,94 1,72 4,96 1,82 6,90
TUBA1B 18 3,07 1,84 1,52 1,98 2,24 3,83
RPS4X 10 1,95 1,84 2,53 3,34 3,02 5,18
NPM1 7 1,04 1,82 0,77 1,86 1,44 3,68
RPL3 9 1,16 1,82 3,63 1,93 1,77 3,75
TUBB4B-A 16 1,52 1,77 1,95 2,52 2,89 4,29
RPL7A 10 2,07 1,77 0,80 3,70 1,07 5,46
PCBP2 20 1,41 1,72 2,04 1,71 2,48 3,43
RPL6 8 1,58 1,70 1,09 4,75 1,35 6,45
RPL7 12 1,20 1,70 1,16 2,43 1,85 4,13
RPLPO-6 11 1,53 1,57 1,45 3,67 1,94 5,24
PARP1 60 1,99 1,40 3,77 7,60 4,23 9,00
HSPAS 27 1,00 1,33 1,77 2,42 2,21 3,75
RPL15 5 1,65 1,29 1,07 2,39 1,52 3,68
MPG 12 1,11 1,24 4,68 8,89 3,63 10,14
RPS16 7 1,59 1,23 1,41 5,53 1,63 6,76
RPL27A 2 1,13 1,20 1,31 4,18 1,62 5,37
APTX 9 0,97 1,10 1,61 7,20 1,62 8,30
XRCC1 18 0,70 1,08 3,55 10,08 2,77 11,16
XRCC5 43 1,49 0,90 2,79 10,49 2,90 11,40
HNRNPU 9 1,38 0,84 1,28 4,43 1,46 5,27
XRCC6 47 1,44 0,79 2,30 11,61 2,31 12,41
LIG3 39 0,96 0,36 2,08 10,09 2,14 10,45
DDB1 a4 0,28 0,24 4,18 10,04 4,07 10,29
DDB2 16 0,19 0,24 2,91 8,70 3,56 8,94
NMT1 2 0,02 0,14 0,54 2,61 0,81 2,75
RPA3 4 0,02 0,06 1,41 3,33 1,26 3,39
POLD1 52 0,01 0,02 0,96 1,84 1,01 1,86
RPA2 10 0,12 -0,19 2,08 6,57 2,82 6,38
MSH3 48 0,13 -0,20 3,00 7,94 2,82 7,74
PNKP 21 0,25 -0,30 2,45 8,64 3,15 8,34
MSH2 38 0,55 -0,34 2,34 11,09 2,46 10,75
TDP1 14 0,26 -0,45 2,74 6,45 2,17 6,00
UBP1 11 1,05 -0,56 2,63 8,38 3,16 7,82
GTF2I 53 1,63 -0,80 2,30 11,38 2,32 10,58
POLL 6 0,20 -0,83 1,07 3,73 1,11 2,90
IMPDH1 12 0,23 -0,97 1,36 3,78 0,82 2,81
HIST1H1C 9 1,49 -1,05 3,00 5,14 2,19 4,09
XPA 4 1,68 -1,05 2,34 6,38 2,43 5,33
RPS10-P5 7 1,76 -1,13 4,54 9,27 4,31 8,14
POLR3E 18 1,15 -1,29 2,31 7,53 2,75 6,25
RPS25 5 1,84 -1,32 2,26 7,79 2,28 6,47
MYBL2 9 2,22 -1,33 1,51 5,49 1,26 4,16
RBPJ 7 1,29 -1,42 2,07 7,54 2,16 6,12
LIN9 4 1,55 -1,56 3,61 6,21 2,77 4,65
PARP2 6 0,25 -1,56 2,23 5,21 0,63 3,65
HMCES 12 1,43 -1,64 3,88 7,54 3,12 5,90
RPL11 6 1,48 -1,76 3,06 6,01 2,65 4,25
POLE 14 1,04 -1,87 1,95 5,86 1,48 4,00
NTHL1 9 1,41 -1,89 4,26 7,14 2,64 5,25
RMI1 9 1,51 -1,94 2,07 5,71 1,92 3,77
POLR3F 10 1,22 -1,99 2,02 6,68 2,10 4,69
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RPS7 7 2,44 -2,07 2,57 6,89 1,97 4,82
SNRPA 1 1,47 -2,14 1,23 2,39 NaN 0,00
IMPDH2 24 1,46 -2,20 2,19 8,42 2,37 6,22
KPRP 3 1,12 -2,41 1,34 2,99 NaN 0,00
XPC 4 0,37 -2,43 0,55 2,94 0,09 0,51
TOP1 12 3,03 -2,45 2,78 6,91 2,10 4,46
SSBP1 8 2,03 -2,49 4,16 9,78 3,15 7,29
PXDN 16 1,42 -2,51 1,79 3,39 1,23 0,88
TOP3A 15 1,55 -2,59 3,09 6,30 1,68 3,71
FAN1 3 0,51 -2,60 0,63 3,18 NaN 0,00
CCDC124 5 1,50 -2,62 2,36 591 1,78 3,29
NR2F2 12 2,05 -2,76 3,89 7,67 3,52 4,91
RFX5 3 1,59 -2,80 1,21 2,06 NaN 0,00
RECQL 38 3,36 -2,84 3,01 9,47 2,93 6,62
VRK1 7 1,70 -2,93 1,71 7,45 1,38 4,52
CUL4A 23 3,16 -3,00 3,08 7,49 2,28 4,49
HMGB3 7 1,86 -3,03 4,29 9,46 2,39 6,43
SERBP1 17 2,27 -3,13 2,49 7,55 1,93 4,42
WBSCR22 3 1,49 -3,16 3,24 4,69 0,91 1,53
HMGA1 3 1,68 -3,23 1,95 3,72 NaN 0,00
RXRB 12 1,29 -3,25 3,67 7,84 1,73 4,60
MLXIPL 2 4,68 -3,36 1,80 3,84 NaN 0,00
BUD31 7 1,71 -3,41 2,42 6,63 1,47 3,22
RPN2 7 0,89 -3,53 3,74 6,98 0,87 3,44
DNMT1 19 1,27 -3,63 4,22 7,00 1,22 3,37
ALKBH2 6 0,86 -3,66 2,15 6,74 0,71 3,08
RAD54B 3 1,10 -3,84 0,78 2,93 NaN 0,00
UHRF1 36 2,28 -3,95 3,38 11,01 4,04 7,06
NEIL2 5 1,88 -4,00 1,77 4,67 0,23 0,67
TUBG1-2 20 3,29 -4,06 4,01 10,77 4,06 6,71
TDG 4 1,02 -4,12 3,68 6,34 0,59 2,22
PRC1 12 4,09 -4,23 2,81 7,32 2,21 3,09
KIF22 11 3,24 -4,25 2,92 6,49 1,51 2,25
RPTOR 8 2,08 -4,29 1,88 3,82 NaN 0,00
ELF2 4 2,54 -4,39 3,48 5,02 NaN 0,00
IFI16 34 3,30 -4,47 2,62 11,12 2,03 6,65
TOPBP1 4 2,07 -4,48 1,50 4,42 NaN 0,00
RCC1 7 1,40 -4,51 2,76 6,92 0,80 2,41
YY1 5 2,86 -4,55 3,33 5,49 NaN 0,00
VDR 2 1,22 -4,59 2,84 5,06 NaN 0,00
ESRRA 4 1,11 -4,62 2,08 5,72 0,27 1,10
KIF4A 40 2,02 -4,76 2,47 9,02 2,36 4,26
SAFB-2 2 2,94 -4,76 1,53 2,57 NaN 0,00
NFIC 9 1,20 -4,86 2,33 8,21 0,98 3,34
CKAPS 3 3,44 -5,08 3,39 4,26 1,55 -0,81
RREB1 9 2,92 -5,08 3,14 6,00 NaN 0,00
SMUG1 4 1,76 -5,18 1,70 4,95 NaN 0,00
APEX1 21 2,06 -5,25 3,66 11,33 2,72 6,08
CMAS 16 1,63 -5,86 5,49 8,33 0,91 2,47
HIST2H3A 2 3,15 -5,89 4,11 5,65 NaN 0,00
uUTS2 1 3,58 -6,13 2,50 2,76 2,31 -3,37
EDF1 2 2,82 -6,14 2,17 571 NaN 0,00
HMGB2 9 1,64 -6,20 4,15 8,59 0,84 2,40
MNT 5 1,95 -6,54 2,35 5,75 NaN 0,00
FEN1 17 1,86 -6,61 5,78 12,53 1,79 5,93
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Validation of proteomics data by other methods

In order to test the reliability of the quantitative data obtained in the proteomic approach, we com-
pared the amount of RPA3 and IMPDH2 in samples used for proteomics. The results obtained by
western blot assay (Figures 35 and 36), are consistent with those obtained from proteomics, show-
ing respectively the enrichment of IMPDH2 and RPA (40 and 1.35 times) on MARYylated versus
unmodified ssDNA. IMPDH2 possess two CSB domains (Figure 34) which have been shown to be
critical for binding of RNA, DNA and ligands with an adenosyl group such as ATP and S-adenosyl
methionine [221, 222]). Evidently, CSB domains are also involved in MAR recognition via its ade-
nosyl group. It is possible, that the observed absence of higher IMPDH2 enrichment on the MAR-
dsDNA in comparison to dsDNA containing beads in proteomics data is explained by very strong
IMPDH2 recognition of unmodified dsDNA (Figure 35 — Gel lane 5 and 6) leading to a saturation
effect. RPA3, on the other hand, binds weakly to double-stranded DNA, which generates low in-

tensity bands, preventing good statistical studies (Figure 36).
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Figure 35: Enrichment of IMPDH2 40 times on MARYylated versus unmodified single-stranded
DNA. IMPDH2, possessing double-stranded DNA binding domains, it strongly recognizes unmodi-
fied ds-DNA which prevents a good comparison of specificity between the MARylated and unmodi-
fied ds-oligonucleotide (saturated bands).
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Figure 36: Enrichment of RPA (1.35 times) on MARYylated versus unmodified single-stranded
DNA. RPA3 binds weakly to double-stranded DNA, which generates low intensity bands, prevent-
ing good statistical studies.

Western blotting and proteomics remain qualitative methods. Thus, we used the quantitative EMSA
"Electrophoretic Mobility Shift Assay" to test the binding affinity of some of our available proteins
(RPA3, PARP1, PARP3 and commercial CLPB) on MARylated versus unmodified dsDNA. Our
preliminary EMSA data were in agreement with Western blott and proteomic results. For example,
nonselective PARP1 and RPA complex (RPA1-3 proteins) binding to MARylated dsDNA was con-
firmed (Figure 37). Furthermore, promising preliminary data were obtained by testing different mu-

tated isoforms of CLPB protein (data not shown).
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Figure 37: EMSA test of MAR-DNA binding potential candidates.
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Chapter lll: Impact of DNA ADP-ribosylation on NHEJ

DNA duplexes containing DSB and proximal SSB can form in HR and NHEJ repair pathways. It
has been reported that the MRN-CtIP complex generates an internal nick located 20 nt down-
stream of 5'-termini of a DSB [183] which is suitable for initiation of DSB termini ADP-ribosylation.
Notably, PARP1-3 differently influence the relative contribution of canonical and alternative NHEJ
(c-NHEJ and a-NHEJ, respectively) and HR pathways in DSB repair [74, 223]. PARP1 is recog-
nized as a key component of a-NHEJ, acting at the initiation step of DSB repair in cooperation with
the DSB sensors MRE11 and NBS1 (as a part of MRN complex) [224]. It has been reported that
PARP3 interacts with proteins of c-NHEJ pathway, including DNA-PKcs, DNA ligase 1V, Ku70/80
and APLF; ADP-ribosylates some of them (Ku70/80 and others); facilitates their recruitment to a
DSB and consequently stimulates both earlier and later steps of accurate c-NHEJ [74]. Here, we
used nicked DNA duplexes to address the effect of DNA termini MARYylation on interaction with

purified NHEJ proteins and on repair of DSBs in vitro NHEJ reconstitution essay.

PARP3-mediated DNA MARylation inhibits NHEJ of blunt DSBs

In our NHEJ reconstitution essay we used two duplexes of 74- and 85-nt length (DNA substrates
S25 and S22, respectively), where S22 substrate contained a nick 20 nt downstream from its 5’-
[*2P]labelled blunt end making it prone for PARP3-catalysed MARYylation. The opposite 5-DSB end
in S22 and one of 3’-DSB ends in S25 duplex were biotinylated. Formation of corresponding biotin-
streptavidin complexes in the assay was expected to exclude them from the ligation and facilitate
reaction product analysis.

To carry out the NHEJ reactions, we added Ku, XRCC4, DNA ligase IV complex (X4L4), Artémis,
PAXX, DNA-PK, XLF, APLF and PARP3 proteins. We incubated reactions in presence of streptav-
idin, ATP and NAD", deproteinized and analysed with denaturing PAGE. As shown in Figures 38
and 39 A, Ku and X4L4 complex are able to effectively ligate nick of S22 substrate ([*2P]labelled
85-mer band) and blunt DSB ends of duplexes S22 and S25 producing two bands: 170-mer
(S22+S22) and 155-mer (S22+S25) (Figure 38, lane 2). Position of the ligation bands was validat-
ed by control T4 ligase treatment (data not shown). Treatment of X4L4 with 1/30 dilution of com-
mercial lambda phosphatase combined with MnCl, for 5 min at 30°C did not ameliorate NHEJ liga-
tion product percentage (data not shown). The percentage of the NHEJ product, doubled by adding
50 nM APLF or a mixture of 25 nM artemis, 500 nM His-PAXX, 25 nM DNA-PK and 20 nM XLF
(NHEJ protiens). In order to address the role of DNA (ADP-ribosyl)ation in repair of DSBs via
NHEJ, 100 nM of PARP3 was added to the reaction mixture in the presence or not of 1 mM NAD+.
The addition of NAD+ or PARP3 alone didn’t affect significantly the NHEJ product yield (PARP3
bind to nick site; DSB end remains accessible for Ku and for NHEJ proteins). Otherwise,

the addition of PARP3 and NAD+ together, decreases significantly (= 40%) the NHEJ liga-
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tion capacity, suggesting that the MARYylation of the DSB end used by NHEJ enzymes may inhibit
the NHEJ repair pathway by inhibiting the DSB ligation or the binding of Ku complex essential for
the recruitment of NHEJ proteins to blunt DSB end. Similar effect was observed while varying dif-

ferent actors of the NHEJ pathway as shown in Figure 39 B.
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Figure 38: PARP3-mediated DNA MARYylation inhibits NHEJ of blunt DSBs. 20 nM of [32P]-S22
and S25, containing optimized DSB, were incubated with 100 nM KuFI and 200 nM X4L4 in NHEJ
buffer, 200 nM streptavidin, 1 yM BSA, and 0.5 yM ATP for 1 hr at 37°C. 25 nM artemis, 500 nM
His-PAXX, 25 nM DNA-PK and 20 nM XLF.
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Figure 39: PARP3-mediated DNA MARYylation inhibits NHEJ of blunt DSBs. NHEJ prot.: mixture of

Artémis, His-PAXX, DNA-PK and XLF.
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Nick stabilization with 5’-THF leads to increased NHEJ efficiency (in-vitro study)

Effect of the nick in proximity to DSB end, which make 5-phosphorylated DSB-end prone for
MARylation, on NHEJ was verified by using different hamster CHO cell-free extracts (CE). Wild
type (KA8 WT), deficient in Ku80 (XDS Ku80-) or XRCC4/Ligase 4 (X4V XRCC4-), and supple-
mented with XRCC4/Ligase 4 (X4V XRCC4+) CHO cell were kindly provided by Bernard Lopez
[225].
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Figure 40: Qualitative representation of the nick stabilization effect on DSB ligation via NHEJ ac-

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



103

tors and PARPs interaction (experiments conditions described in Figure 41). Nick stabilisation with
5'-THF leads to increased NHEJ efficiency (in-vitro study).

S22 and S25 DNA substrates were incubated in the presence of 0.5 pg/ul of different CHO CE. At
first, we managed to ligate DSB ends of these two duplexes using X4V XRCC4* CE (supplement-
ed in Ligase 4) Figure 40. But S22’s nick was ligated very efficiently (85-mer product) making S22
not prone to MARylation. Knowing that PARP3 activity require DNA duplexes containing DSB and
proximal SSB, we tried to inhibit the nick ligation. We synthetized a new version of S22 substrate
containing a 5’-tetrahydrofuran (THF) residue (modeling a stabilized apurinic/apyrimidinic site) at
the nick site [S22(THF)]. Blocking of ligation with THF residue led to “stabilization” of the nick and
to an increase in NHEJ efficiency (Figure 40, lane 13). As expected, in absence of X4L4 (X4V
XRCC4- CE), nick ligation was totally inhibited in the presence of THF residue at the nick site (Fig-
ure 40 — Lane 14), but surprisingly we observed an increase in NHEJ repair activity of blunt DSB
(these results will be discussed later on). To better interpret these obtained results, full length,
nicked and ‘stabilized nicked’ duplexes were incubated with different CHO cell free extracts. As
shown in Figures 40 and 41, duplexes containing a nick (S22) and considered as structures prone
to ADP-ribosylation did not increase the NHEJ effectiveness compared to full length duplexes
(S23+S25) but slightly inhibits the DSB ligation process.
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Figure 41: Quantitative representation of the DSBs ligation products shown in Figure 38.

Contrary, S22(THF) structure increases the NHEJ-DSB ligation product in a prominent way (2-4
fold) in comparison with S23 and S22 in X4L4+ and X4L4- CHO cell-free extracts. As expected,
X4L4+ CE achieved the best DSB ligation product percentage. Surprisingly, in the case of stabi-
lized-nicked duplexes S22(THF), DSB was ligated more efficiently in the absence of
XRCC4/Ligase 4 complex than in WT and Ku80- CE. Finally, in absence of Ku80- DSB ligation
percentage was not significantly affected as compared with WT CHO CE under condition used in
this experimental system (Figure 41). As shown in Figure 42 no remarkable effect was detected by
the addition of NAD* (PARP’s substrate), suggesting that the increase in NHEJ efficiency was in-
dependent of the PAR/MARYylation activity of the endogenous PARPs.
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Figure 42: Endogenous PARPs effect on NHEJ efficiency in presence or not of NAD+. 20 nM of
[32P]-S22 (THF) and S25, were incubated with KA8 WD (0.1% NP-40) or X4V XrCC4+ (0.3% NP-
40) CE in NHEJ buffer (containing 10 % PEG), 200 nM streptavidin, 1 yM BSA, and 0.5 yM ATP
for 30 min at 37°C.

Chapter IV: Search for novel PARP1 and PARP2 inhibitors among derivatives
of 1,4-dihydropyridine with DNA binding capacity

Check MAR/PARylation activity of PARP1-3 with commercially available analogs of NAD* in
vitro, using purified enzymes and standard assays

In the frame of the project, we incubated PARP1-3 proteins with corresponding optimised 5'-[*?P]
labelled DNA duplexes (unligated S28 or S28 (MAR)) in the presence of different NAD+ analogs:
B- Nicotinamide- 2'- deoxyadenine dinucleotide dNAD*, Br-NAD*, e-NAD", CH-NAD"*, flu-NAD*,
ara-NAD"*, bio-NAD, NHD*. These analogues were selected from a current list of 49 products
available at BIOLOG Life Science Institute according to two main criteria : i) the capacity to be

incorporated into ADPr-oligomers by PARP enzymes (some of NAD+ analogues were
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excluded according to previous studies); ii) modification(s) in NAD+ molecule should be localized
on ADPr moiety and not on the nicotinamide residue in order to attempt the PAR/MAR-DNA
adducts stabilization against PARG and other cellular glycohydrolases.

The results obtained suggest that each PARP efficiently ADP-ribosylated the 5'-phosphate residue
located at the double-strand termini of DNA duplexes in the presence of natural NAD* but their
specificity for NAD* derivatives was very different despite high level of homology of their catalytic
domains. We showed that PARP1 was able to effectively PARylate DNA termini only with Br-NAD*
compound among the eight analogs used. Notably, PARP2 was much less restrictive and was able
to incorporate almost all NAD* analogs except ara-NAD™ although much less efficiently than natu-
ral NAD". Importantly, PARP3 effectively MARylate DNA termini with bio-NAD"*, flu-NAD" and es-

pecially Br-NAD* analog, which incorporation was several times even more effective than that of
natural NAD* (Figure 43 A and B).
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Figure 43: Denaturing PAGE analysis of A. PARP1 and B. PARP3 generated products of DNA
PAR/MARYylation in presence of NAD+ derivatives.

Next, we assessed the influence of the type of NAD* derivatives on stabilization of PAR/MAR-DNA
adducts against PARG, which is major of PAR glycohydrolase in the cell. The preliminary results in
Figure 44, showed that PARG was active on PARP2 formed polymers/oligomers of CH-NAD",
dNAD* and e-NAD* derivatives of NAD* but not of bio-NAD*, Br-NAD* and NHD*. Similar results
were obtained in experiments with PARG hydrolysis of PARP3 produced mono DNA adducts but
surprisingly PARG was able to remove mono-Br-ADPr and not 1,N6-etheno- ADPr residue from
the terminal 5’-phosphate of the DNA substrate used.
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Figure 44: PARP2-dependent formation of PAR-DNA adduct in presence of NAD+ derivatives and
test of theirs hydrolysis by PARG treatment.
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CONCLUSION

o DNA molecules containing 3'P at a blunt and 1 nt 5'-protruding DSB termini and a proximal
SSB on the opposite strand is the most preferred substrate for PARP1 DNA PARylation ac-
tivity in a wide range (2—1000 uM) of NAD* concentrations.

e PARP1, in comparison with PARP2 and PARP3, has different DNA substrate requirements
for PARylation of terminal phosphates (1.3 or 2.3 and 1.8 helix turns for 3'- and 5-DSB
blunt termini, respectively) but shows similar dependence on DNA helicity and on the orien-
tations of strand breaks.

e Phosphorylated DNA breaks can be preferred acceptors for PAR as compared with PARP1

auto-modification of its own amino acid residues.

o DNA PARylation activity in the HeLa cell-free extracts can be efficient towards both 3'- and
5'-terminal phosphates depending on the structure of DNA breaks.

o With a DNA molecule prone to PARylation, PARP1 form a specific monomeric complexe
stabilized by interactions with both proximal breaks, apparently including the CAT domain
interaction with the phosphorylated acceptor break.

o MARylated DNA adducts are recognized by many different proteins directly involved in dif-
ferent cellular pathways, including DNA repair factors.

o MARylation of ssDNA and DNA duplexes at DSB terminus differently affect binding of hun-
dreds factors.

¢ Mitochondrial CLPB protein is specifically enriched on MARylated DNA termini.

o New ADPr recognizing factors (ADPr-readers) like IMPDH1 and IMPDH2 have been identi-
fied. It is possible that adenosine binding domains AAA of CLPB and CBS of IMPDH1/2-
are responsible for ADPr recognition.

o ADP-ribosylation of blunt DSB termini leads to inhibition of DSB repair by purified enzymes
of canonical NHEJ.

¢ Inhibition of nick ligation with a 5’-THF residue leads to increased NHEJ efficiency on prox-
imal DSB site in X4L4+ and X4L4- CHO cell-free extracts in an ADP-ribosylation independ-
ent manner.

e Bio-NAD+, flu-NAD+, Br-NAD+ and NHD+ analogs could be used (incorporated) by
PARP1-3 for DNA ADP-ribosylation leading to stabilization of ADP-ribosylated DNA and
proteins adducts.

e bio-NAD*, Br-NAD* and NHD* PARP2-formed polymers/oligomers and 1,N6-etheno-MAR
DNA adducts are resistant to PARG hydrolysis activity.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



110

DISSCUSSION AND PERSPECTIVES

PARP1 is an abundant, ubiquitously expressed nuclear protein that has long been regarded as a
central DNA damage-responsive factor in mammalian cells that is required for the maintenance of
genome integrity [173, 244]. It is generally accepted that PARP-dependent PARylation of chroma-
tin results in chromatin remodelling facilitating the assembly of repair complexes at SSBs and
DSBs [55, 245]. PARylation and other PARP1-mediated events are critically involved not only in
DNA damage repair but also in a wide array of other biological processes, including replication,
epigenetic regulation, transcription, apoptosis, inflammation, RNA metabolism, autophagy and pro-
teasomal activation [6, 174-176]. Other DNA-dependent proteins, PARP2 and PARP3, have their
specific and partially redundant functions relative to PARP1, and all three enzymes often act syn-
ergistically in response to genotoxic stress [43, 236]. The number of known PARP functions in the
cell continues to grow. For example, recent work from Caldecott’s laboratory indicates that in un-
perturbed cells, PARP1 is a sensor of unligated Okazaki fragments during DNA replication and
facilitates their repair [41]. Other functions still need to be clarified, including roles of reversible
ADP-ribosylation of DNA catalysed by PARP1-3 and MARylation of 5-phosphorylated termini of
RNA molecules by PARP10, PARP11, PARP15 and TRPT1 recently demonstrated in in vitro stud-
ies [12, 13, 34].

Chapter I: Insight into DNA substrate specificity of PARP1-catalysed DNA poly(ADP-
ribosyl)ation

Despite prior insights into PARP1 DNA PARYylation activity, there remain key questions regarding
the regulation of PARP1 activity, including the mechanism and specific requirements for its unusual
substrate specificity towards DNA breaks. PARP1 activity towards previously tested DNA sub-
strates is relatively slow and not very effective as compared to the DNA ADP-ribosylation activity of
enzymes PARP2 and PARP3 [12, 13], thus casting a reasonable doubt on the biological relevance
of this PARP1 activity.

Here, we show that PARP1 very effectively PARylates a 3'-terminal phosphate at a DSB site of
gapped DNA duplexes thereby producing more than 50% of PARylated DNA products already after
1 min of incubation at relatively low (20 nM) enzyme concentrations (Fig. 19B). This activity is ef-
fective in a wide range (2-1000 uM) of NAD+ concentrations (Fig. 19D). Taking into account that
the NAD+ concentrations in the nucleus and cytoplasm are estimated to be ~100 pM [246], these
results support the potency of PARP1-dependent PARYylation of specific DNA breaks in the cell.
This notion is also supported by the PARylation of 3'-phosphorylated DNA breaks in cell-free ex-
tracts (Fig. 24) and by the results of the parallel measurement of PARP1-mediated auto- and DNA

PARylation, revealing even more efficient modification of the 3'-phosphate of the S2 DNA
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substrate prone to PARYylation as compared to simultaneous PARP1 auto-PARylation (Fig. 23). A
similar observation has been made previously regarding PARP2-mediated and PARP3-mediated
ADP-ribosylation of a 5-terminal phosphate at a DSB site of nicked DNA duplexes [13], suggesting
that all three DNA-dependent PARPs can preferentially target proximal DNA breaks.

PARP1 is a modular protein and has six distinct folded domains, where three N-terminal zinc finger
domains and a tryptophan-glycine-arginine (WGR) domain have been reported to be essential for
DNA break binding and DNA-dependent activation of the C-terminal catalytic (CAT) domain [82,
84, 86, 247]. Interdomain contacts play a primary role in the allosteric mechanism of catalytic acti-
vation of all three DNA-dependent PARPs via local destabilisation of the auto-inhibitory helical
subdomain of CAT [85]. In contrast to PARP1, PARP2 and PARP3 do not have zinc finger do-
mains and PARPs 1-3 are differently activated by a variety of damaged DNA structures [47, 248,
249]. Notably, PARP2 and PARP3 are preferentially activated by an SSB harbouring a 5'-terminal
phosphate, in contract to PARP1, which is activated regardless of the phosphorylation status of the
DNA ends [47]. Previously, we proposed a mechanistic model where PARP3-catalysed and
PARP2-catalysed DNA ADP-ribosylation depends on the orientations and distances between DNA
strand breaks in a single DNA molecule [13]. Accordingly, PARP3 and PARP2 ADP-ribosylate the
5' DSB terminus of the same nicked strand if these breaks are separated by a distance of one or
two turns of the DNA helix and less effectively ADP-ribosylate the 3'-DSB terminus of opposite
strands if the breaks are separated by a distance of 1.5 helix turns [13]. The present study shows
that PARP1 has different DNA substrate requirements for PARylation of terminal phosphates (1.3
or 2.3 and 1.8 helix turns for 3'- and 5-DSB blunt termini, respectively) but shows similar depend-
ence on DNA helicity and on the orientations of strand breaks (Figs. 16 and 20). Taken together,
these findings suggest that effective DNA ADP-ribosylation depends on an interplay between the
activation of a DNA-bound PARPs and accessibility of the DNA acceptor group for their CAT do-
main. According to these results, we propose a model of PARP1-mediated DNA ADP-ribosylation
(Fig. 45) where the binding of PARP1 to an SSB (1-nt gap) activates its catalytic domain, which in
turn starts to ADP-ribosylate all sterically accessible acceptor groups in the same DNA—enzyme
complex. This model is supported by the observed monomeric mode of PARP1 binding to the S2
DNA substrate prone to effective PARylation despite the presence of two breaks on the same DNA
molecule (Fig. 22B). Structural studies conducted in Pascal's and Neuhaus’s laboratories have
revealed that PARP1 binds SSBs with directional selectivity, where zinc fingers 1 and 2 bind to 5'
and 3' stems, respectively, and the distance between a DNA break (DSB or SSB)-binding site and
the catalytic site in PARP1-DNA complexes is ~45 A, which corresponds to ~1.3 turns (=13 bp) of
a B-DNA helix [99, 100, 226]. This observation may explain the strong preference of PARP1 for the
S2 substrate, in which the distance between a protein-binding SSB and the PAR-accepting DSB
termini is 13 bp. Nevertheless, it should be stressed that other DNA substrates with a
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greater distance between two strand break sites can still be modified by PARP1. We can hypothe-
sise that the efficient ADP-ribosylation of S2, S10, S14 and other DNA substrates is due to (i) the
position of their acceptor phosphates, which is on the same side of the DNA helix exposed to the
active site of the PARP1 CAT domain; (ii) the highly dynamic nature of the multi-domain proteins
and (iii) the flexibility of ss overhangs in substrates SOn and S1n (with n = 7), which might enable 5’
termini to reach the CAT site. The latter notion is supported by effective ADP-ribosylation of 5'
overhangs in S1" duplexes (with n = 3 nt) — but not that of the blunt S10 duplex — catalysed by
PARP2 or PARP3 (Fig. 46) relaxing the necessity of a 10 or 20 bp distance between a blunt DSB
and an SSB for effective ADP-ribosylation of a 5’ DSB terminus [13]. The absence of PARylation of
the S21 substrate (Fig. 20), which mimics S12' but lacks a gap, rules out that PARP1 is activated
on ds-ssDNA transitions at 5' overhangs when it PARylates S12' and other S1" structures. The
absence of DNA PARylation of substrates S2" and S3" with 3’ overhangs (Fig. 16) suggests that
other structural elements of the acceptor DNA terminus are required for accommodation of the
terminal phosphate residue in the active site of the PARP1 CAT domain. The existing 3D struc-
tures of PARP1 bound to DNA with a single SSB cannot explain the interaction of the CAT domain
of the same PARP1 molecule with a proximal DSB site [82, 85]. Given the strong flexibility of both
PARP1 and SSB-containing DNA polymers, it is tempting to speculate that with a DNA molecule
prone to PARylation, PARP1 will preferentially form structurally different complexes stabilised by
interactions with both proximal breaks including the CAT domain interaction with an upstream

phosphorylated terminus. Further studies are needed to test this hypothesis.

According to the evidence collected so far, DNA ADP-ribosylation activity of PARPs strongly de-
pends on the type and position of DNA breaks. Proximal DNA breaks can be generated directly by
genotoxic agents or during processing of the initial DNA damage by DNA repair and DNA replica-
tion machineries. In this study, we demonstrate that PARP1 preferentially PARylates a 3'-
phosphate of DSB sites in proximity to an SSB. It should be noted that 3'-phosphate termini can be
generated endogenously as an intermediate of the action of bi-functional DNA glycosylases or as a
product of a tyrosyl-DNA phosphodiesterase 1 (TDP1) reaction, which can remove a variety of 3'
adducts from an SSB and DSB during DNA repair and leave a 3'-terminal phosphate [250, 251]. It
has been reported that PARP1 plays a critical part in TDP1-mediated repair of trapped topoiso-
merase | (TOP1) cleavage complexes [252]. PARP1 directly binds to the N-terminal domain of
TDP1 and PARylates TDP1 without blocking its catalytic activity. Multiple studies show that PARP
inhibitors sensitise cells to TOP1 poisoning by camptothecin [253-255]. Moreover, genetic evi-
dence indicates that PARP1 and TDP1 are epistatic for the repair of TOP1-induced DNA damage
[252]. We suggest that the PARP1-dependent PARYylation of 3'-phosphorylated DNA breaks ob-

served here may further enhance the functional interactions between the PARP1 and TDP1. Addi-
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tional studies are warranted to elucidate how PARP1-dependent DNA PARylation can perform its

specific function in a cellular response to DNA damage.
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Figure 46: ADP-ribosylation of S1nDNA duplexes containing 5-otherhangs by PARP2 and
PARP3. [32P]labelled S1n DNA duplexes (20 nM) were combined with 50 nMPARP3 or PARP2 in
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min (PARP2) at 37°C.The data on PARP-catalyzed formation of DNA ADP-ribosylation products
are presented as mean +SD from three independent experiments.
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Chapter II: Identification of MAR-DNA readers in cell-free extracts

Still little is known about proteins responsible for detection and removal of ADP-ribosylated DNA
adducts. Recently, Ahel’s laboratory demonstrated that the MAR moiety that is covalently attached
to oligonucleotide termini can be removed not only by PARG but also by other cellular hydrolases,
though with much lower efficacy, such as MACROD1, MACROD2, TARG1, and ARH3 [43, 219].
The time lapse before removal of the ADP-ribosylated adducts from DNA by PARG and other hy-
drolases could be used to recruit and assemble DNA damage signaling, processing and DNA re-

pair machinery.

One of our major goals was the identification of specific factors that recognize MAR-DNA adducts
in order to provide new research tools for identification of ADP-ribosylated DNA adducts in living
cells and deciphering their biological role. For affinity purification of readers of ADP-ribose-DNA
adducts we used MARYylated and not PARylated ss/dsDNA oligonucleotides in order to avoid con-
comitant purification of PAR-binding proteins as well to bypass technical difficulties concerning
PARYylated oligonucleotides purification and PARylated peptides synthesis. Here, we observe sim-
ultaneously enrichment with certain factors and loss of similar number of other proteins on MARy-
lated versus non-MARYylated dsDNA, in contrast to the experiment with ssDNA, where more pro-
teins lost affinity for ssDNA cupped with MAR adduct than were enriched (Figure 26 and 28). De-
pletion of some enzymes possessing DNA exonuclease activities (APEX1, XNR2, FEN1) on
MARylated versus non-MARylated DNA substrates suggests a protecting role of the ADPr moiety
on DNA termini. As shown in Table 9, majority of proteins enriched on MAR-dsDNA also recognize
dsDNA alone (P[dsDNA] vs P[beads]) but with a lower affinity as compared to MARylated dsDNA,
suggesting that DNA ADP-ribosylation may serve as a specific tag, enhancing the recruitment of
certain DNA repair proteins, cytoskeletal proteins, PAR synthesis/degradation proteins and ribonu-
cleoproteins (showed in Table 8). Notably, MARylation does not affect enrichment of several DNA
breaks binding proteins (Table 9). For example, the unchanged fold of Ku protein on MARYylated
versus unmodified dsDNA, suggest that DSB MARYylation do not affect Ku binding. As future per-
spective, the efective Ku complex binding to ADP-ribosylated DSB termini can be also validated by
electrophoretic mobility shift assay (EMSA) and by surface plasmon resonance imaging (SPRi) of

DNA-protein complex after immobilization of the modified DNA on surface, as described in [227].

For selection of specific DNA-MAR readers, proteins with known high affinity to ADPr residues
alone (PARP1, PARP14, PARPY and TARG1) were excluded, as well as cytoskeletal proteins and
ribonucloprotiens [228] due to their capacity to form clusters, thus, making us unable to identified
the protein(s) responsible for the recognition DNA-MAR adduct (Figure 28 and 30). Data analysis
and comparison of enriched protein on MARYylated-peptide versus MARylated ds/ssDNA revealed
that majority of proteins enriched on MARylated DNA ligands were different from those enriched on
MARylated peptide, suggesting that they are not MAR (along) readers. Contrary,
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IMPDH1/2 proteins show a very strong enrichment on both MAR-ssDNA and MAR-peptide, sug-
gesting that the IMPDH1/2 are new terminal ADPr-readers. Notably, IMPDH1/2 have high affinity
for dsDNA potentially leading to a saturation effect on MAR-dsDNA ligand (Figure 35) that can ex-
plain the absence of IMPDH1/2 enrichment on MAR-dsDNA versus dsDNA (Table 9).

Notably, one of the DNA repair protein enriched on ADP-ribosylated DSB is aprataxin (APTX, Ta-
bles 8 and 9). Aprataxin recognizes an ADP residue on 5’ termini of a DNA break formed during an
abortive DNA ligation reaction and catalyzes the release of the AMP group [163]. Thus, the ADP
recognition by the catalytic domain together with the PAR-binding affinity of its FHA domain can be
responsible for enrichment on MARylated DNA ligands. Hence, due to structural similarities, the
MAR unit at a DNA strand break end [13, 184] may also be a good substrate for aprataxin activity
along with recruitment of XRCC1 or XRCC4, depending on the nature of the DNA strand break, to
finalize the repair of DNA damage via BER or NHEJ, respectively [163].

The only protein that was enriched only on MARylated ds/ssDNA ligands is mitochondrial CLPB
protein that can potentially be used in future studies for generation of recombinant antibody-like
ADP-ribose-DNA adducts binding protein(s) by fusion of the corresponding binding domain(s) to
the Fc region of immunoglobulins (as described in [220]). The obtained results suggest that adeno-
sine binding domains of CLPB (AAA) and of IMPDH1/2 (CBS) are new candidates for the list of
MAR-DNA or MAR recognizing domains. More in vitro and cellular studies are needed for valida-
tion of these hypotheses.

Finally, the acquired data provide new insights on the protein interaction network that is modulated
by DNA ADP-ribosylation, and potentially on the function of this modification in the regulation and
coordination of DNA strand breaks repair, replication and apoptosis. In perspective, the develop-
ment and validation the specific antibody for identification of DNA-ADP-ribose adducts in living
cells could be used for identification of DNA damage, DNA repair, oxidative stress and inflammato-
ry markers and for characterization of cellular response to DNA damage. Analysis of PAR-DNA

adducts level in cells or tissues of patients may have diagnostic and therapeutic implications.
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Chapter lll: Impact of DNA ADP-ribosylation on NHEJ

The role of DNA ADP-ribosylation in repair and processing of DSBs via NHEJ assays was ad-
dressed by the use of the ligation test implicating NHEJ proteins (Ku, XRCC4, Ligase 4, DNA-PK,
XLF and PAXX) different cell extracts form Hamster CHO [225] and purified proteins, including
PARPs, PARG and/or ADP-ribosylated DNA substrates. It was already proposed that PARP2 and
PARP3 are involved in the final ligation step of NHEJ, relying on the data that 5’ phosphorylated
nicks are particularly efficient activators for auto-ADP-ribosylation activity of PARP2 and PARP3
but not PARP1 [56]. Ku and X4L4 complex are able to effectively ligate the nick of S22 substrate
and blunt DSB ends of duplexes S22 and S25 (Figure 38). As expected, the addition of other of the
NHEJ actors increases the yield of NHEJ ligation products. Addition of PARP3 in the absence of
NAD* does not significantly inhibit the DSB ends ligation despite its affinity to DSB termini. This
can be explained by stronger DSB binding by XRCC4/LIG4 complex and by the PARP3 preferen-
tial binding to the nick site of substrate S22 [13], thus DSB ends remain accessible for Ku and for
NHEJ proteins. Contrary, the addition of PARP3 and NAD* together, significantly decreases the
yield of NHEJ ligation products, suggesting two possible scenarios, where the MARYylation of the
DSB end used by NHEJ enzymes may inhibit the NHEJ repair pathway by: (i) inhibiting the LIG4
DSB ligation activity; (ii) inhibiting the binding of Ku complex essential for the recruitment of NHEJ
proteins to blunt DSB end. In the proteomic part of the work (Table 8), we showed an unchanged
yield of Ku complex (XRCC5 and XRCC6 proteins) on MARylated versus unmodified dsDNA lig-
ands, suggesting that DSB MARYylation do not affect Ku binding on DSB ends, thereby supporting
the first scenario.

Moreover, we used WT, Ku80", XRCC4", and XRCC4* CHO cell free extracts to test the effect of
DSB ADP-ribosylation on NHEJ by introducing a nick in proximity to 5’-phosphorylated DSB end
that make the DSB end prone for MARylation by PARP3 or PARylation by PARP2 (Figure 40 and
41). Duplexes containing blunt DSB ends a nick (S22+S25) does not increase the NHEJ effective-
ness compared to full-length duplexes (S23+S25) but slightly inhibits the DSB ligation process.
Clearly, LIG4 in presence of a nick gets partially recruited to this nick site that diminishes it effec-
tive concentration for the DSBs ligation. Moreover, the observed quick and full ligation of the nick
diminish a potential impact of PARP-mediated DSB ADP-ribosylation on NHEJ. After nick stabiliza-
tion - with incorporation of 5-THF residue at the nick site — we observed a significant stimulation of
NHEJ repair in the different CHO CE used (Figure 40 and 41). The observed effect does not de-
pendent on addition of NAD™ suggesting that this is PARP activity independent process. However,
one cannot fully exclude involvement of the endogenous NAD' in protein and/or DNA ADP-
ribosylation in these reactions. We hypothesize, that this NHEJ stimulation can be due to PARP1
recruitment at the nick site instead of DSB termini, preventing its competition for DSB bind-

ing with Ku complex of canonical NHEJ and driving LIG4 to DSB end. Interestingly in ab-
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sence of X4L4 (X4V XRCC4" CE), when nick ligation is strongly inhibited (Figure 40, lanes 10 and
14), the NHEJ repair activity on blunt DSB is notably increased in the presence of THF residue at
the nick site as compared to S22 substrate or unnicked substrate S23 and all three substrates
tested in WT CE. These results suggest that a proximal unligated nick can stimulate DSB ligation
via a XRCC4/LIG4 independent pathway. It is possible that LIG1 and/or LIG3 are recruited more
effectively to the DSB site when there is a proximal long-living nick site and ensure an alternative
NHEJ the in presence of PEG in our NHEJ reconstitution system.

Taking together, these data suggest that ADP-ribosylation of DSB termini which do not need an
additional processing prior to ligation will result in inhibition of classical NHEJ. It should be taken
into account that the conditions used our in vitro NHEJ reconstitution experiments — presence of
PEG, diluted concentration of proteins, including PARPs and NHEJ factors, as compared to cellu-
lar conditions — do not take into account the chromatin context and promote a simple DSB ligation
with the XRCC4/LIG4 complex. The role of MAR-DNA as a scaffold for the recruitment of DNA
damage signaling, chromatin remodeling and DNA repair proteins remains unexplored. More ex-
periments using pre-MARylated-duplexes containing nicks and protruding ends are needed to test
the role of DNA-MARYylation on alternative NHEJ, as well as a potential interplay between nicking
and resection activities of MRN-CtIP complex and DNA ADP-ribosylation. In perspective, it would
be important to verify if the aberrant ligation of 5’-MARylated can happen in case of DSB repair as
it was shown for 1 nt gapped DNA in absence of ATP [184]. We speculate that DNA ADP-
ribosylation can promote retention of the DSB ends until the complete repair complex is formed or

until ATP concentration required for DNA ligation will be restored.

Chapter IV: Search for novel PARP1 and PARP2 inhibitors among derivatives of 1,4-
dihydropyridine with DNA binding capacity
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It is generally accepted that covalently attached PAR polymer confers negative charge to PARPs,
histones and other PARYylated proteins, resulting in decrease in DNA binding and electrostatic re-
pulsion of these proteins from DNA [70]. Thus, PARylated proteins together with PAR-recruited
complexes of DNA repair factors should also withdraw from the site of DNA damage. Contrary,
PAR attached to DNA termini should stably recruit those factors directly to the sites of DNA dam-
age. Importantly, the PARP catalyzed ADP-ribosylation of DNA is a fully reversible process since
PAR and MAR DNA modifications can be entirely and effectively removed by PARG and other
ADPr hydrolases. PARP1-3 activity was tested using eight different NAD analogues, on different
and specific oligonucleotides substrates. Moreover, the stability of these (ADP-ribose) oligomers
was examined with a set of PAR/MAR erasers.

Among DNA-depend PARPs (PARP1-3), PARP3 was the only one to effectively MARylate DNA
termini with bio-NAD", flu-NAD* and especially Br-NAD* analog, which incorporation was several
times even more effective than that of natural NAD* (Figure 43 A and B). Similar effect was ob-
served with PARP1 incorporating only Br-NAD* and PARP2 incorporating all NAD* analogs except
ara-NAD" although much less efficiently than natural NAD*. Furthermore, the preliminary results in
Figure 44, showed that PARG was active on PARP2 formed polymers/oligomers of CH-NAD",
dNAD* and e-NAD* derivatives of NAD* but not of bio-NAD*, Br-NAD* and NHD*. Similar results
were obtained in experiments with PARG hydrolysis of PARP3 produced mono DNA adducts but
surprisingly PARG was able to remove mono-Br-ADPr and not 1,N6-etheno- ADPr residue from

the terminal 5’-phosphate of the DNA substrate used.

These results suggest that bio-NAD+, flu-NAD+, Br-NAD+ and NHD+ analogs and potentially their
derivatives could be used for stabilization of PAR/MAR-DNA and PAR/MAR-proteins adducts, inhi-
bition of PARG and sensibilization of cells to genotoxic/anticancer treatments. Further studies
needed to test the compounds selected above in cell culture for ability to modify level of poly(ADPr)

synthesis in response to DNA damage.
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Abstract

Covalent linkage of ADP-ribose units to proteins catalyzed by poly(ADP-ribose) polymerases
(PARPs) plays important signaling functions in a plethora of cellular processes including DNA
damage response, chromatin organization, and gene transcription. Poly- and mono-ADP-
ribosylation of target macromolecules are often responsible both for the initiation and for
coordination of these processes in mammalian cells. Currently, the number of cellular targets
for ADP-ribosylation is rapidly expanding, and the molecular mechanisms underlying the broad
substrate specificity of PARPs present enormous interest. In this review, the roles of PARP-
mediated modifications of protein and nucleic acids, the readers of ADP-ribosylated structures,
and the origin and function of programmed DNA strand breaks in PARP activation, transcription

regulation, and DNA demethylation are discussed.

Introduction

In most of living organisms, in response to environmental stress, cascades of molecular events
are induced that involve specific changes in the cell’'s key macromolecules, such as proteins,
nucleic acids, and lipids. These modifications are various chemical and structural
transformations that enable to diversify the restrained genetic information encoded in DNA by
the addition of chemical moieties, such as phosphate, acyl (methyl and acetate) groups, small
peptides, and sugar residues on proteins and methyl group and its oxidized forms on
nucleobases in DNA [1,2]. DNA damage poses a serious threat to genome integrity. Highly
dynamic posttranslational and postreplicative modifications of proteins and DNA, respectively,
are critical for DNA damage recognition and repair and for associated signaling [3]. In
eukaryotes, ADP-ribosylation is a highly conserved posttranslational modification (PTM) of
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proteins involved in the regulation of stress responses, cell division, transcription, and protein
degradation. This reaction is catalyzed by ADP-ribosyltransferases using nicotinamide adenine
dinucleotide (NAD*) as a source of ADP-ribose (ADPr) moiety. The largest family of ADP-
ribosyltransferases in eukaryotes are poly(ADP-ribose) polymerases (PARPS) that catalyze
the synthesis of monomers or polymers of ADPr (MARs or PARs, respectively) covalently
attached to acceptor targets (Figure 1) [4,5]. Free nonattached PAR can also function in the
cell stress responses including DNA damage, heat shock, and cytoplasmic stress response
[4,6]. Importantly, the cellular turnover of PAR is regulated by PAR glycohydrolase (PARG),
which degrades the polymer by hydrolysis of ribose-ribose bonds [7]. ADP-ribose (ADPr)-
based modifications of target nuclear proteins including histones provide an efficient
chromatin-remodeling mechanism required for efficient repair of DNA strand breaks, yet—in
the case of severe genotoxic stress—PARP-catalyzed modifications of cell content may direct
cell-initiated programmed cell death. Furthermore, it has been shown that PARP1 can interact
with, maodify, and regulate epigenetic remodeling proteins such as chromatin insulator protein
CTCF (CCCTC-binding factor) and DNMT1 (DNA methylation maintenance protein); thus, the
right balance between PARylation and PAR degradation by PARG is crucial for the
maintenance of DNA methylation patterns in normal cells [8-10]. Of note, years ago, specific
enzymes in arthropods and bacterial toxins were shown to transfer an ADP-ribosyl moiety to
double- and single-stranded DNA nucleobases in a reversible manner [11,12]. Later on, it has
been demonstrated that mammalian PARPL, -2, and -3 (having the ability to act as DNA break
sensors) modify not only cellular proteins but also terminal phosphate residues at double-
strand DNA break (DSB) and single-strand DNA break (SSB) termini [13,14]. Recently, RNA
also was identified as a target of reversible mono-ADP-ribosylation [15]. At present, the
biological role of PARP-mediated ADP-ribosylation of DNA strand break termini remains
unclear, but might be different from that of proteins. This review focuses on the interplays
among DNA breaks, ADP-ribosylation, and DNA epigenetic signatures. We also discuss the
putative role of ADP-ribosylated DNA breaks in DNA metabolism and in the recruitment of

specific PAR—DNA or MAR-DNA adduct—guided factors.



PARPs at the center of stress response pathways

Cellular stress responses are mediated by various sensors and effectors from multiple
signaling pathways including phosphorylation, ubiquitylation, SUMOylation, methylation,
acetylation, and ADP-ribosylation. PARylation and MARylation [poly- and mono(ADP-
ribosyl)ation] catalyzed by PARPs alter the function of the modified proteins and provide a
scaffold for the recruitment of other proteins, which in turn can also undergo ADP-ribosylation.
The latter regulates a number of biological processes including the DNA damage response,
chromatin reorganization, transcription, apoptosis, autophagy, mitosis, and cell metabolism

and development (reviewed in [5,16-18]).

The family of PARPSs, also known as diphtheria toxin—like ADP-ribosyl-transferases (ARTDS),
includes 17 known members [19,20]. Highly divergent PARP homolog tRNA 2'-
phosphotransferase 1 (TRPT1) is sometimes referred to as the 18" PARP family member [21].
According to their structures, PARPs can be subdivided into four subfamilies: DNA-dependent
PARPs (PARP1, PARP2, and PARP3), tankyrases (PARP5a and PARP5b), CCCH (Cys—Cys—
Cys—His) zinc finger and WWE (Trp-Trp-Glu) domain—containing PARPs (PARP7, PARP12,
PARP13.1, and PARP13.2), and macrodomain-containing PARPs (PARP9, PARP14, and
PARP15). Although PARP13 is not yet shown to have a catalytic activity [4], most of PARPs
have the function of transferring PAR or MAR moieties onto their target proteins [22], DNA
[13,14,23], or RNA termini [15]. PARPs play a role in a wide range of biological structures and
processes, including DNA repair and maintenance of genomic stability, transcriptional
regulation, centromere function, mitotic spindle formation, centrosomal function, the structure
and function of vault particles, telomere dynamics, trafficking of endosomal vesicles,

inflammation, apoptosis, and necrosis [6,22,24].



The founding member of the PARP family as well as the most ubiquitous and abundant PARP,
PARP1 was the most studied. This 110 kDa nuclear protein is composed of six domains
essential for DNA binding, nuclear homing, automodification, protein—protein interactions, and
catalytic activity. PARP1 is responsible for 80% to 90% of the PARylation activity in the cell
[25]. Based on the structure—function relationship studies, PARP1 was initially characterized
as a critical player in the DNA damage response and repair processes under stressful
conditions. PARylation can lead to accelerated dissociation of modified proteins from DNA
owing to the negative charge of the PARylated protein and steric hindrance. The best example
of this dissociation is PARP1-mediated PARylation of histone H1 and PARP2-mediated
PARYylation of histone H2B; these maodifications cause the dissociation of these histones from
DNA and eventually chromatin relaxation required for replication, transcription, DNA repair [26-
28]. Later on, the list of known biological functions of PARP1 has been expanded: regulation
of chromatin structure, transcription, stress responses, and involvement in various
physiological processes [29]. Moreover, the roles of PARP1 under normal physiological
conditions have been further substantiated, e.g., the regulation of gene expression, RNA
biology, and processes in cytoplasm. Recently, PARP1 has been identified as a sensor of
unligated Okazaki fragments—during DNA replication in normal S phase cells—which
facilitates their maturation [30]. The remaining ADP-ribosylation activity in the cell lacking
PARP1 (in embryonic fibroblasts derived from PARP1” knockout mice) falls to other active
PARP members, which may or may not share structural similarities or localization with PARP1
but certainly share a highly conserved catalytic (CD) domain (PARP signature). The latter
consists of a helical regulatory domain (HD) and an ADP-ribosyl transferase domain (ART)

responsible for the catalytic activity, present in PARP2 and PARPS3.

PARP2 was discovered as the enzyme responsible for the basal PARylation activity in PARP1-
deficient cells [31] and accounts for ~10% of the PARylation activity in the cell. Just as PARP1,
PARP2 recognizes and binds a DSB or SSB. The binding of PARP2 to damaged DNA

structures triggers its PARylation activity. PARP2 has partially redundant functions with PARP1



that are essential for normal embryogenesis. Double-knockout Parpl”-Parp2~~ mice show
early embryonic mortality [32]. PARP2 has a function, independent of its PAR synthesis
activity, which limits the accumulation of the resection barrier factor 53BP1 at DNA damage
sites and directs DSBs toward resection-dependent repair pathways [33]. Aside from DNA
repair, cell cycle regulation, and inflammation and metabolic regulation, PARP2 acts as a
cofactor in transcription and can regulate the expression of 600 to 1,000 genes by facilitating
transcription or via attraction of cofactors promoting chromatin compaction and the consequent

inhibition of transcription [34-37].

PARP3 is related to PARP1 and PARP2 and its domain organization is similar to that of
PARP2, but PARP3 catalyzes MARylation instead of PARylation [20]. Similar to PARP1 and
PARP2, PARP3 is an important player in cell cycle regulation and DNA repair [38]. This PARP
interacts with PARP1, DNA ligase lll, Ku70/80, other nonhomologous end-joining (NHEJ)
proteins and promotes processing DSBs in the canonical NHEJ pathway [39]. Other than its
role on the DNA damage response and repair, PARP3 has also been reported to associate
with Polycomb group proteins involved in transcriptional silencing and chromatin-remodeling

[40].

PARP4 (also called VPARP or ARTD4) is a component of the cytosolic ribonucleoprotein vault
complex [24] and is also present in cytoplasmic clusters (VPARP rods) as well as in the nuclear
matrix [5]. The conserved glutamate residue in PARP1 is replaced with isoleucine, leucine, or
tyrosine in PARP4, which is associated with the absence of polymerase activity [41]. It was

proposed that PARP4 may be involved in an antiviral response [42].

PARPs 5a and 5b (tankyrases) were initially identified as a part of a telomeric complex but are
also located in the cytoplasm as peripheral membrane proteins localized at the Golgi complex
and are associated with transport vesicles [5]. They are best known for their participation in
mitosis and WNT signaling, but they also have functions in telomere and DNA damage repair
[24]. Recently, a possible link between tankyrases and the DNA damage response has been

proposed. On the one hand, tankyrases associate with DSBs to facilitate the recruitment of the
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CtIP-BRCA1 complex to damaged chromatin and to promote DNA end resection during
homologous recombination (HR); on the other hand, tankyrases associate with DSBs to
stimulate the recruitment of the BRCAL1A complex (consisting of RAP80—-BRCA1-BRCC36—
CCDC98) mediated by MERIT40 and activate the G2—M checkpoint for promoting DNA repair

before mitosis [43].

PARPG6 has been found to be involved in hippocampus neuronal development [24]. Moreover,
it plays a role in cell cycle progression and has been associated with the progression of
colorectal cancer [42]. Of note, the biological activity of PARP6 depends on its catalytic activity

as well as its N-terminal cysteine-rich domain [41].

Several PARPs (PARP7, PARP10, PARP12, and PARP13) are involved in the mechanisms
of posttranscriptional regulation of mMRNA,; the latter process is mediated either by RNA-binding
domains or by ADP-ribosylation of RNA-binding proteins [24]. PARP7, present in stress
granules [5], is involved in antiviral responses, cytosolic RNA processing, and transcription
[34]. PARP10 is a binding protein and an inhibitor of MYC [42] and has been implicated in the
regulation of nuclear factor kappa B (NF-kB), GSK3B, and transcription [24]. PARP10 directly
ADP-ribosylates NEMO. These events lead to the inhibition of nuclear localization of the p65
subunit of NF-kB and to subsequent attenuation of NF-kB-dependent gene expression [41].
PARP12 is a catalytically active cytosolic monoenzyme [43], which preferentially associates
with the Golgi apparatus and regulates stress granule assembly, microRNA activity, and an
antiviral response [42]. Intracellular expression of PARP12 increases upon stimulation by type
Il interferons, thereby leading to increased NF-kB signaling, implicating PARP12 in cellular
immune responses [41]. PARP13, also referred as ZAP (zinc finger antiviral protein), has been
so far regarded as a catalytically inactive ART with the roles in the assembly of stress granules
and regulation of microRNAs, with consequent implications in innate antiviral defense and

cancer [42,43].

PARP9 and PARP14 are believed to act on transcription, especially the transcription of genes

required for macrophage activation [24]. PARP9 possesses a unique MARylating activity
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specifically targeting the ubiquitin peptides and participates in the DNA damage response,
transcription in lymphocytes, and in antiviral response [42]. PARP14 has been implicated in
multiple cellular functions such as survival of B cells, cell migration, assembly of stress
granules, transcription during inflammation processes, the DNA damage response, and an
antiviral response [42]. PARP14 regulates the class distribution, affinity repertoire, and recall
capacity of antibody responses, which require efficient differentiation and interactions among

B cells, T helper cells, and dendritic cells [41].

Concurrently with its nuclear pore localization, PARP11 modifies targets involved in the
coordination of the nuclear envelope and organization of nuclear pores and nuclear envelope
biology [24,42]. PARP15 is a centrosomal PARP involved in stress granule formation, an
antiviral response, cytosolic RNA processing, and tumor formation [41,42]. PARP16 is located
in the endoplasmic reticulum (ER) and regulates the unfolded protein response [24,42].
Cellular localization of other PARPs (PARP8 and PARP17) and their involvement in biological

processes remain unknown.

Moreover, some PARP family members can interact with each other, e.g., PARP1 with PARP2
or PARP3 as well as tankyrase 1 with tankyrase 2 [27]. This type of heterodimers may occur
in different subcellular compartments and act on different substrates, which monomeric PARPs
could not otherwise target individually. This observation may highlight a new organizational
order for PARPs that may greatly diversify their biological responses, via combinatorial

interactions.

Excessive ADP-ribosylation can lead to the activation of cell death pathways, including
parthanatos, a unigue form of programmed cell death that occurs independently of caspases
and is distinct from necrosis and apoptosis [44]. Due to its manifold role in cell survival, the
protein PARylation process is finely regulated. PAR is rapidly degraded PARG, the main
enzyme that specifically hydrolyses ribose—ribose bonds encoded by a single gene in
mammals [7]. Disruption of the PARG gene in mice causes embryonic lethality, and studies of

PARG-deficient cells have shown that accumulation of PARylated macromolecules is highly
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toxic to the cell [45,46]. Nevertheless, PARG has rather limited processivity on short PAR
polymers and is unable to remove MARYylation marks from proteins [47]. A complete reversal
of MARylation is performed in human cells by amino acid—specific ADPr-acceptor hydrolases,
such as macrodomain-containing proteins MacroD1 and MacroD2, terminal ADP-ribose
protein glycohydrolase 1 (TARGL1), and ADP-ribosylhydrolase (ARH) family members ARH1

and ARH3 (reviewed in [48]).

Protein acceptors for ADP-ribosylation

Despite PARPs’ different biological functions, over decades, little has been known about ADPr
acceptors. Starting from the protein PARylation discovery, for ADP-ribosylated proteome
analysis, researchers have applied chemical (high pH, hydroxylamine) or enzymatic sensitive
methods (based on ARH1, PARG, ARH3, SVP, or NudT16) to quickly release the ADPr groups
from modified residues. Hayaishi’'s group provided one of the first mechanistic insights into
PAR synthesis. They demonstrated that in the rat liver, ADPr binds to histone H1 through an
ester linkage with either a y-carboxyl group of glutamic acid residue 2 or 14 or with an a-
carboxyl group of C-terminal lysine residue 213 [49]. Linker histones H1 and H5 are known to
be primary targets for PARPl-catalyzed PARylation, whereas PARP2 and PARP3
preferentially ADP-ribosylate core histone H2B [50-52]. PARP3 preferentially adds a mono
ADPr moiety on Glu2 of histone H2B upon DNA damage [51]. Until 2017, it had been generally
thought that PARP-catalyzed auto-PARylation and ADP-ribosylation of other proteins occur
predominantly on aspartates, glutamates, and lysines [53-55]. Nonetheless, conventional
approaches have to overcome many limitations, such as the dynamic heterogeneous nature
of protein ADP-ribosylation, low abundance, lability of some sites, and chemical or enzymatic
resistance of other ADPr acceptor sites. The evolution of methods for the detection of
MAR/PAR attachment sites has led to the use of mutagenesis assays as well as NAD* analogs,
unbiased enrichment strategies, chemotherapeutic PARP inhibitors, advanced mass
spectrometry (particularly based on electron-transfer higher-energy collisional dissociation),

and quantitative proteomic techniques [56-59]. Investigators have uncovered modification of
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more than 7000 ADP-ribosylation sites across more than 2000 ADP-ribosylation target proteins
covering over one-third of the nuclear proteome under genotoxic stress conditions [59]. Upon
DNA damage, serine (Ser) becomes the major (=90%) ADPr acceptor residue with the most
easily identifiable signals related to the modification of histone proteins as well as PARP
automodification [57,59]. Histones are MARylated selectively on serine residues of histone H3
(Ser10 and Ser28) and Ser6 of H2B unless the neighboring lysine residues are acetylated
[57,60]. Notably, Ser ADP-ribosylation sites strongly overlap with known kinase-regulated sites
(Aurora B and others) [59]. ADP-ribosylation and phosphorylation of these serine residues are
considered mutually exclusive [60], suggesting a complex interplay between histone marks.
The major hydrolase responsible for the reversal of the Ser-ADPr modification is ARH3 [61,62].
ARH3-deficient cells show a dramatic increase of PAR content in response to hydrogen
peroxide exposure with induction of an AlF release from mitochondria and parthanatos [62,63].
Moreover, the specificity of ADP-ribosylation is regulated by different factors. HPF1 (histone
PARYylation factor 1) interacts with PARP1 and PARP2 and guides the ADP-ribosylation of
PARP1 and high-mobility group proteins through a serine residue [56]. In HPF1’s absence,
acidic residues (Asp and Glu) become the main target sites for ADPr in proteins. Hundreds of
ADP-ribosylation sites are also located on histidine, arginine, lysine, cysteine, and tyrosine
residues [59,60,64]. It is still possible that further development of proteomic tools will allow
researchers to detect new types of modifications, such as an acid-labile ADPr adduct of
phosphoserine residues. This chimeric modification was noted in histones from the rat liver
more than 40 years ago [65], but the enzymes responsible for its formation are still unknown.
The diversity of ADPr substrate amino acids has revealed the importance of this PTM in cell

signaling and survival and thus the necessity of its regulation.

Readers of ADP-ribosylated targets

ADP-ribosylation is a PTM of proteins: it induces the recruitment of the protein (such as TET
[66], TP53 [67], NF-kB [68]) or modulates its activity by covalent or noncovalent binding. Aside

from protein modification, ADP-ribosylation is also involved in signaling as well as protein—
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protein or protein—DNA interactions [69]. PARylation as a PTM directly regulates many cellular
pathways such as transcription, chromatin modification, and DNA damage and oxidative-stress
signaling. Proteins may have a PAR- or MAR-recognizing domains (Figure 2) that bind to PAR
polymers or MAR moieties [29]. Depending on the nature of recognition, different proteins have
different motifs. For instance, a PAR-binding motif (PBM) is believed to engage in an
electrostatic interaction with negatively charged PAR chains [69,70], whereas a PAR-binding
zinc finger (PBZ) recognizes two consecutive ADPr moieties although some can also
recognize only one ADPr of a PAR chain [71-73]. Similarly to PBZ, WWE requires two
consecutive ADPr units for its successful binding; hence, it interacts with iso-ADPr formed by
both ADPr units [74]. FHA (fork head—associated) and BRCT (BRCAL C-terminal) are protein
domains that are mostly known to interact with phosphorylated peptides but also have affinity
for PAR chains [75]. The latter interaction seems to be similar to that of WWE domain or PBM,
respectively. Another class of ADPr-recognizing domains is macrodomains. Unlike other
domains, macrodomains interact with mono-ADPr or the terminal ADPr of PAR chains in the
case of H2A1.1 [76]. There are also RNA- and DNA-binding motifs that unexpectedly recognize

PAR ADPr moieties [77].

The PBM

The consensus sequence of a PBM is ([HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-[FILPVY]), i.e.,
approximately 20 residues. The positively-charged-amino acid content of a PBM allows for an
electrostatic interaction with highly negatively charged PAR polymers. PBMs have been
detected in more than 800 proteins in silico, and >500 hits have been obtained in proteomic
analysis [69,70]. PBMs are often found in many DNA damage response proteins and other
proteins that are included in the ADPriboDB database of ADP-ribosylated proteins [78],
suggesting that PAR binding promotes PARylation. For example, tumor protein p53 (p53,
TP53) can bind to PAR polymers both in a covalent and in a noncovalent manner. TP53
contains multiple PBMs. Hence, Fishbach et al. suggest that TP53 gets covalently PARylated

upon a noncovalent interaction between a PBM located in a C-terminal domain of TP53 and
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PARylated PARP1 [67]. They demonstrated that noncovalent PAR binding diminishes the
sequence-independent DNA-binding capacity of TP53. Nevertheless, simply having a PBM
seems to be insufficient for PAR binding. For instance, the entire BRCT domain of XRCC1—

rather than a short PBM—is required for its affinity for PAR [75].

The PBZ

The PBZ is a C2H2 zinc finger domain consisting of approximately 30 amino acid residues.
The PBZ domain has a consensus sequence of [K/R]-X-X-C-X-[F/Y]-G-X-X-C-X-[K/R]-[K/R]-
X-X-X-X-H-X-X-X-[F/Y]-X-H and so far has been discovered in three proteins: APLF (aprataxin
and PNK-like factor), CHFR (checkpoint with forkhead-associated and ring domain), and CTCF
[77]. Unlike CHFR, APLF contains two PBZ domains. Accordingly, one of the two PBZ domains
identified in the APLF protein interacts with two consecutive ADPr units, whereas the second
PBZ domain is thought to bind to the 3@ ADPr unit likely on a branched PAR polymer or terminal
poly-ADPr. The PAR recognition by APLF induces its histone chaperone activity for the release

of histones H3 and H4 and chromatin relaxation [79,80].

Macrodomains

Macrodomains are mono-ADPr-recognizing domains [76]. One of the well-studied
macrodomains is histone variant macroH2A1l.1. In addition to MAR, macroH2Al1l.1 can
recognize PAR polymers via their terminal ADPr unit. MacroH2A1.1 participates in metabolic
regulation and energy production by inhibiting PARP1 activity and decreasing its nuclear NAD*
consumption [81]. MacroH2A1.1-PARP1 interaction is also involved in gene regulation, for
instance, in response to heat shock stress and during expression regulation of senescence-
associated secretory phenotype genes or genes participating in adipocyte differentiation and
metabolic regulation during muscle differentiation [82]. Another macrodomain-dependent
chromatin-remodeling factor is ALC1. This is an inactive ATPase and one of the chromatin
remodelers that activates upon DNA damage. During DSB repair, MacroH2A1.1 [83] and ALC1
[84] take part in chromatin remodeling in a macrodomain-dependent manner. PARP family

members PARP9, PARP14, and PARP15 have both the MARylation activity and a
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macrodomain interacting with MAR [76,85,86]. PARG, TARG1, and MACROD1-3 ADPr-

hydrolases also contain macrodomains [87].

The WWE domain

This domain contains two conserved tryptophans and a glutamic acid residue, hence its name,
and in total is approximately 80—100 residues long [88,89]. It recognizes iso-ADPr moieties
between two consecutive ADPr units. The WWE domain is reported to be present mostly in E3
ubiquitin-protein ligases (RNF146, DELTEX1, DELTEX2, DELTEX4, and HUWEL1) and in two

PARPs (PARP11 and PARP14) [74].

FHA and BRCT domains

These domains play a huge part in cellular responses to DNA damage by recognizing
phosphorylated peptides [90,91]. It has also been discovered that FHA and BRCT domains
can recognize PAR polymers. Similarly to the WWE domain, the FHA domain binds iso-ADPr
of PAR chains by recognizing the two phosphate groups on ADPr moieties, whereas the BRCT
domain directly recognizes ADPr of a PAR chain [75]. The latter phenomenon is possibly due
to the phosphate groups on ADPr, which mimics the phosphorylated serine residue recognized
by the BRCT domain [92]. ADPr recognition by an FHA or BRCT domain facilitates rapid
recruitment of DNA damage response proteins: PNKP and aprataxin by the FHA domain and

ligase IV, XRCC1, and the BRCA1-BARD1 complex by the BRCT domain [75,92-94].

RNA- and DNA-binding motifs (RRM, SR repeat- and KR-rich motif, OB fold, PIN domain, and

GAR domain)

Of note, RNA- and DNA-binding motifs can also bind to PAR. Although this is not very

surprising because PAR chains have a structure similar to that of oligonucleotides. NONO, an
RNA-binding protein, is believed to increase survival during DSB repair although its function is
not yet clear; its recruitment is PARP1 dependent. RRM (RNA recognition motif) of NONO

recognizes PAR, thereby facilitating the recruitment of NONO to a DNA damage site [95].
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It has been shown that splice factors ASF/SF2, SF3A1, SF3B1, and SF3B2 can recognize
PAR chains via their SR (serine/arginine) repeats [96,97]. PAR binding to splicing factor
ASF/SF2 inhibits its phosphorylation by TOPI (DNA topoisomerase 1) and activity [96],
indicating the involvement of PARPs and PAR chains in RNA stability and metabolism [98]. In
a similar context, upon heat shock, KR (lysine/arginine)-rich repeats of the Drosophila Mi-2

protein bind PAR chains thus leading to Mi-2 recruitment to heat shock—responsive genes [99].

Oligonucleotide/oligosaccharide-binding fold (OB fold) is an ssDNA- and RNA-binding motif.
Just as WWE and FHA domains, the OB fold of human ssDNA-binding protein 1 (hSSB1)

recognizes iso-ADPr of PAR chains in addition to its ssDNA-binding ability [100].

Proteins with PIN (PilT N terminus) domains are mostly nucleases cleaving SsSDNA or ssRNA
[101]. In particular, during DNA damage repair, the PIN domain of exonuclease 1 (EXO1) was
found to recognize DNA damage—induced PARSs, and this event is rather sufficient for its

recruitment to the DNA damage site [102].

GAR (or RG/RGG box) is another PAR-binding domain and consists of a sequence enriched
in arginine and glycine. There are several RNA-binding proteins with GAR domains known to
recognize PAR chains during DNA damage responses, e.g., FUS/TLS, EWS/EWSR1, TAF15,

and CIRBP [77,103].

Reversible ADP-ribosylation of DNA and RNA

The first evidence of DNA ADP-ribosylation was obtained 20 years ago. Watanabe’s group
demonstrated that a cabbage butterfly toxin, pierisin, induces apoptosis via irreversible
MARylation of a guanine base in DNA [104,105]. Later, other examples of DNA MARylation
have been demonstrated for different families of toxins: guanine MARylation by CARP-1 from
shellfish [11] and by scabin from Streptomyces scabies [106] as well as thymine MARylation

by DarT from bacterial toxin—antitoxin system DarTG [12].
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Recently, in vitro studies in our laboratory have uncovered that mammalian DNA-dependent
PARPs catalyze reversible modification of DNA via ADP-ribosylation of terminal phosphates
at DNA strand breaks [13]. This finding provides novel molecular insights into PARPs’ functions
in mammalian cells. Taking into account an unsolved challenge (how to distinguish ADPr
adducts on proteins and DNA in the cell), DNA ADP-ribosylation studies have been focused
on in vitro approaches to gain knowledge about the mechanisms and specific requirements for
this unusual substrate specificity of PARPs. It has been found that PARP1 preferentially
PARYylates DSBs containing 5'- and 3'-terminal phosphates in gapped recessed DNA duplexes,
whereas PARP2 and PARP3 preferentially act on 5'-terminal phosphates at DSB and SSB
termini of DNA containing multiple proximal breaks [13,14,23]. Similarly to protein modification,
PARP3 produces a MAR not PAR adduct on DNA substrates, in contrast to PARP1 and
PARP2 [14,23]. In addition to phosphate groups, PARP1 can PARylate 2'-OH groups of 3'-
deoxynucleotide and ribonucleotides incorporated at the 3' terminus of
oligodeoxyribonucleotides [13]. A recent study by Zarkovic G. et al. revealed ADP-ribosylation
of ~3 kb plasmid-based DNA constructs, thus indicating DNA size limitlessness of PARP-
mediated modifications of DNA break termini [14]. Moreover, PARP2 and PARP3 switch their
substrate preference to DNA from protein when acting upon certain configuration of closely
spaced DNA strand breaks, preferentially ADP-ribosylating DNA rather than catalyzing auto-
ADP-ribosylation. Effectiveness of PARP3- and PARP2-catalyzed DNA ADP-ribosylation
depends on the orientation and a distance between DNA strand breaks in a single DNA
molecule [14]. According to a proposed mechanistic model, binding of a PARP to one DNA
break activates the CAT domain, which in turn targets and ADP-ribosylates an acceptor group
at the second breakage site of the same DNA molecule [13,14]. This process necessitates the
presence of at least two DNA strand breaks separated by a distance from 1 to 2 helix turns
[14]. In a DNA-bound PARP complex, this distance determines the accessibility of the DNA
acceptor groups for the activated CAT domain directing ADP-ribosylation to a 5'- or 3'-terminal
phosphate. At present, little is known about the mechanisms governing substrate interaction

and specificity of PARP1, which accounts for most of cellular PARylation activity. Moreover, it
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remains unclear of how can PARPs adopt the conformation thatpredisposes to DNA ADP-
ribosylation activity. According to existing structural data on PARP1 and PARP2 bound to DNA
breaks, the PARP’s DNA-binding domain is far from its CAT domain, which is not oriented
along the DNA helix [35,107,108]. Nevertheless, broad substrate specificity in trans, including
also auto-modification of different amino acid residues in cis, and the multidomain structure of
PARPs imply high flexibility of the CAT domain position in DNA-PARP complexes. Therefore,
there may be some unexplored abilities to target substrates including formation of oligomeric

protein complexes on DNA.

Effective DNA-PAR/MARYylation occurs on DNA substrates that mimic intermediate products
occurring in various DNA excision repair pathways such as base excision repair (BER),
nucleotide excision repair (NER), mismatch repair (MMR), HR, and NHEJ. For example, DNA
strand break acceptor sites containing 5'-phosphates can be generated by the action of various
DNA exo- and endonucleases, tyrosyl-DNA phosphodiesterase 2 (TDP2), and dRP (5-
deoxyribose phosphate) lyase activity of bifunctional DNA polymerases, whereas 3'-terminal
phosphates are produced by certain bifunctional DNA glycosylases, TDP1 and MRE11
[109,110]. DNA duplexes containing a DSB and a proximal SSB can form in HR and NHEJ
repair pathways. It has been reported that a stably blocked replication fork can switch the
endonuclease activity of MRN—CtIP complex on and produces an internal nick located ~20 nt
downstream of 5'-termini of a DSB [111], thus ensuring proximity of activating and acceptor

sites required for DNA ADP-ribosylation activity of PARPs.

At present, the physiological relevance of PARP-dependent DNA ADP-ribosylation is a
debated issue. Nevertheless, a dramatic substrate switch of PARPs observed in vitro assays,
the highly efficient PARP1-catalyzed DNA PARylation in human cell-free extracts, and the
presence of a PAR signal in purified genomic DNA after genotoxic treatment provide the strong
albeit indirect evidence of the presence of PAR-DNA adducts in live cells [14,112].
Furthermore, it has been shown that 1 nt gapped DNA containing a MARylated 5'-phosphate

residue is recognized as a 5'-adenylated DNA substrate by DNA ligase | or llla or by other
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DNA ligases and ligated in the absence of ATP, resulting in the sealed unbroken double-
stranded DNA with an aberrant abasic (AP) site-like residue [112]. Such residue can be
processed further by apurinic/apyrimidinic endonuclease 1 (APE1) in BER pathway [112]. In
line with these results, it has been proposed that PARP2 and PARP3 are involved in the final
ligation step of NHEJ, judging by the finding that 5-phosphorylated nicks are especially
efficient activators of the auto-ADP-ribosylation activity of PARP2 and PARP3 but not that of
PARP1 [36]. We can hypothesize that DNA ADP-ribosylation can promote retention of the DSB
ends either until a complete repair complex is formed or until the ATP concentration required
for DNA ligation is restored. Similarly, in case of SSB repair, PARP-mediated ADP-ribosylation
can promote the ligation of a gap without polymerase synthesis and ATP. Of note, extensive
PARP-mediated PAR synthesis leads to inhibition of hexokinase 1 activity, blockage of
glycolysis, and ATP loss [113]. Thus, one of the functions of DNA ADP-ribosylation can be the
patching of DNA breaks during bioenergetic collapse avoiding formation or degradation of toxic

DSBs.

Recent advances in RNA biology took the phenomenon of ADP-ribosylation to another level.
Studies by Shuman’s group have revealed that PARP-like tRNA splicing enzymes Tptl (KptA)
from bacteria and fungi can ADP-ribosylate RNA and DNA at 5-monophosphate termini
[114,115]. Further studies by Ahel’s laboratory have shown that Tptl homologs in higher
organisms TRPT1 (PARP18) as well as human PARP10, PARP11, and PARP15 can
MARYylate phosphorylated ends of RNA [15]. This 5'-phospho-ADPr modification or “capping”
of RNA termini may protect RNA substrates from degradation or dephosphorylation and
mediate ADP-ribosylation signaling via recruitment of specific cellular factors. Overall, these
RNA related studies provide additional evidence that the phenomenon of ADP-ribosylation of

nucleic acids at terminal phosphates is more widespread than previously thought.

ADPr removal from DNA and RNA termini. ADP-ribosylation of DNA and RNA termini is a fully

reversible process. We have demonstrated that PARG efficiently restores native DNA structure
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by hydrolyzing PAR—-DNA or MAR-DNA adducts generated by PARP1, PARP2, or PARP3
[13,14]. Moreover, recently, Ahel’s laboratory demonstrated that the MAR moiety that is
covalently attached to oligonucleotide termini can also be removed by other cellular
hydrolases, such as MACROD1, MACROD2, TARG1, and ARH3, though with much lower
efficacy [23,116]. We believe that the half-life of DNA-PAR or DNA-MAR adducts is similar to
that of PARylated proteins and may depend on the recruitment of PARG to the sites of ADP-
ribosylation. In the absence of PARG, which is the major glycohydrolase in the nucleus, ADP-
ribosylated DNA strand break termini would result in persistent DNA damage and is expected
to be highly genotoxic as compared to the PARylated proteins: mainly PARPs and histones.
Similarly, hydrolases PARG, TARG1, ARH3, and MACROD1 and -2 can restore intact RNA
structure after ADP-ribosylation of a 5'-terminal phosphate [15]. The broad substrate specificity
of glycohydrolases toward ADP-ribosylated DNA and RNA can be explained by the acid lability
of the phosphodiester bond between ADPr and terminal phosphates in nucleic acids, in
contrast to the bond between amino acids and ADPr in protein target [14]. Noteworthy, the
replacement of a phosphate acceptor group with a thiophosphate residue has little impact on

its ADP-ribosylation but makes MAR-DNA adducts resistant to PARG hydrolysis [14].

DNA damage-induced DNA demethylation, ADP-ribosylation, and cell

differentiation

DNA damage response and repair proteins play a crucial role in genomic integrity. In addition,
these proteins have important functions in gene expression, in particular during organism
development and stem cell maintenance and differentiation. For instance, programmed DNA
damage and repair are important in the immune response for B- and T-cell development and
for generation of the diversity of antigen receptors [117]. In the adaptive immune system, not
only DNA repair proteins but also other cell cycle regulators and checkpoint proteins play
important roles. They function as regulators of proliferation, of introduction of diversity, and cell

cycle arrest during V(D)J recombination and class switch recombination (CSR). Classic NHEJ
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is the major pathway repairing the RAG1/RAG2-induced DSBs during V(D)J recombination,
whereas in mature B cells, alternative NHEJ and other repair mechanisms such as BER also
participate to repair the activation-induced cytidine deaminase (AID)-induced DNA lesions
during CSR and somatic hypermutation [118]. In addition to the generation of antigen diversity,
during B- and T-cell development, programmed DNA damage is a trigger for the expression of
many genes including genes related to cell survival, proliferation, and development [119].
Deamination by AID occurs at the GC-rich transcriptional start sites of heavy-chain and light-
chain genes where cytidine is converted into uracil. Uracil-N-glycosylase (UNG), BER, and
MMR proteins detect the uracil residues in UG mispairs. Thereafter, the nick will be introduced
into DNA, and subsequent repair of the DNA lesion may lead to deletion, transition, and
transversional mutations [120]. Alternatively, the repair of deaminated bases via the nick-
initiated long-patch DNA excision-resynthesis mechanism during long-patch BER [121,122],
NER [123], and noncanonical MMR [124] leads to replacement of neighboring 5-methylcytidine
nucleotides by unmodified nucleotides. Thus, locus-specific AID targeting in transgenic mice
has been reported to induce local processive DNA demethylation even ~1 kb beyond its target
motif [122]. Activation and regulation of AID are not yet well characterized, although CSR is
initiated by AID-induced DNA lesions at least after three cell cycles [120], and AID is more
stable in the G1 phase and is regulated by the cell cycle [125]. Accordingly, replication-
dependent types of DNA damage may be the prior signal for the initiation of CSR and
upregulation of AID expression regulated by NF-kB signaling [126,127]. AID is active on single-
stranded DNA (ssDNA), indicating the presence of a secondary structure of DNA (like R-loops)
during the initiation of CSR and somatic hypermutation [128]. Indeed, it has been suggested
that AID recognizes G4 (quadruplex) DNA structures with at least a 5 nt ssSDNA overhang prior

to CSR [129].

There are multiple types of stem cells, which exploit endogenous types of DNA damage to
regulate their differentiation. Immortalized myoblasts, which follow the fate similar to that of

activated skeletal muscle stem cells, need BER factors to differentiate successfully [130]. A
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while ago, endogenous DNA damage was observed immediately prior to myotube fusion
[131,132]. These DNA lesions have been predicted to be SSBs or DNA nicks, which are some
of the major causes of PARP activation [133]. Consistently with these data, Farzaneh et al.
mentioned the need for PARP activity during terminal differentiation of myoblasts [131]. Later,
it was also discovered that these types of DNA damage are induced by caspase-activated
DNase (CAD), which in the end leads to changes in gene expression patterns, for instance,
upregulation of p21, a cyclin/cyclin-dependent kinase (CDK) inhibitor protein inducing cell cycle
arrest [134]. Indeed, these types of CAD-dependent DNA damage may be one of the reasons
because they trigger the changes in the DNA methylation pattern of differentiating myoblasts,
and these alterations eventually lead to the upregulation of myogenic factors needed for

multinucleated myotube fusion [135].

ADP-ribosylation-dependent chromatin remodeling is critical for initiating the expression of
genes. For example, neural activation by stimulation of immediate-early-gene expression
requires a release of linker histone H1. Accordingly, Azad et al. have shown that a release of
H1 from the promoter of an immediate early gene requires ADP-ribosylation by PARP1 and
phosphorylation of the histone [136]. PARylation_dependent H1 disposition has also been
observed in hormone-regulated genes [137]. A growing number of studies have revealed that
PARP1 regulates gene expression through PARylation of histone methyltransferases and
demethylases [66,138]. This in turn changes the histone H3 and H4 acetylation and
methylation statuses and subsequently strongly alters the regulation of gene expression
patterns independently of histone ADP-ribosylation, pointing to the critical role of chromatin
modifying factors in transcription regulation [28]. Notably, PARyation of epigenetic regulators
at DNA damage sites is very important to maintain the histone mark balance to ensure correct
spatial and temporal coordination of DNA repair. In this context, ADP-ribosylation may be
linked to the repair of DNA damage and chromatin remodeling; however, this mechanism may
not be enough to explain the epigenetic regulation of genes responsible for the fate of the cells

undergoing either B-cell or T-cell development and during myogenic cell differentiation in the
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absence of ADP-ribosylation. Accordingly, ADP-ribosylation may contribute to the signaling
cascade during epigenetic regulation since the methylation patterns of the cells are changing
at the target sites in related genes and not globally. One of the vivid examples of this
phenomenon is the concentration of programmed DNA damage at the promoter site of the p21

gene during myogenic differentiation [134].

Active DNA demethylation as a source of programmed DNA breaks

Dynamic DNA methylation is one of the major epigenetic regulation mechanisms. DNMTs
(DNA methyltransferase enzymes) transfer a methyl group onto the 5' position of cytosine.
Methylated cytosine is a signature of repressed gene expression. DNA methylation regulates
tissue-specific gene expression, genomic imprinting, and X-chromosome inactivation [139].
Additionally, the majority of gene promoters are located in the proximity of CpG islands, which
are CG repeat—rich sequences. Unmethylated and methylated CpG islands are associated
with actively transcribed and inactive genes, respectively [140]. Embryonic stem cells have
approximately 4% of the CpG islands methylated [141], and this figure increases to 70—-80%
in somatic cells [142]. This difference can be related to the pluripotency of stem cells or the
differentiated or specialized state of somatic cells. To switch pluripotency off,
heterochromatinization takes place, followed by DNA methylation. Histones H3 and H4 are
methylated. For instance, H3K9 residues get trimethylated by G9a, a histone
methyltransferase, and are deacetylated by histone deacetylases. This event is followed by

the recruitment and activity of DNA methyltransferases DNMT3 and DNMT3B [143].

DNA methylation can be modulated either for the developmental, differentiated gene
expression or to avoid the hypermethylation of CpG islands, which are maintained under
hypomethylation state [144]. In vertebrates, the most studied proteins involved in DNA
demethylation are activation-induced deaminase/apolipoprotein B mRNA-editing catalytic
polypeptide-like (AID/APOBEC) family, which are cytidine deaminases, and the ten-eleven

translocation (TET) family of proteins [145]. It has been suggested that AlD-catalyzed
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deamination of 5-methylcytosine (5mC) to thymine results in the formation of the mismatched
base pair G-T, which is repaired by methyl-CpG-binding domain protein 4 (MBD4)-initiated
BER [146]. It should be noted that deamination of 5mC may be carried out not only by proteins
of the AID/APOBEC family but also by DNA methyltransferases DNMT3A and DNMT3B in the
absence of the methyl donor S-adenosylmethionine [147]. The participation of AID/APOBEC
families has been extensively reviewed by Rebhandl et al.; the authors stated that
AID/APOBEC takes part in many different cellular processes mostly by introducing a mutation.
These enzymes play a role in B- and T-cell development by mutating immunoglobulin heavy-
chain variable genes (IgV), thereby increasing the diversity of generated antibodies. The

APOBEC family also participates in immune defense by targeting and mutating viral DNA [148].

TET enzymes belong to the family of 2-oxoglutarate-dependent dioxygenases. There are
three members of the TET family in vertebrates: TET1, TET2, and TET3. They are all
responsible for the demethylation of 5mC in DNA by oxidizing it into 5-hydroxymethyl-cytosine
(5hmC), which can be followed by oxidation into 5-formyl-cytosine or 5-carboxyl-cytosine
(5caC) [149,150]. It is believed that each form of oxidized cytosine has specific readers that
can bind it, possibly to regulate the expression of genes. During active DNA demethylation, 5-
formyl-cytosine and 5caC residues are removed from DNA by thymine-DNA glycosylase (TDG)
in the BER pathway [149,151]. An alternative murine demethylation pathway involving 5mC
oxidation prior to deamination has been proposed, based on a complex of GADD45A, AID,
and TDG detected and the finding that SMUG1, MBD4, or TDG has a glycosylase activity on

5-hydroxymethyl-uracil [145,152].

DNA demethylation of the paternal genome in murine primordial germ cells is mechanistically
linked to the emergence of SSBs, high levels of PARP1 expression, and activation of the BER
pathway, accompanied by the appearance of yH2A.X foci and nuclear PARylation [153,154].
Suppression of BER by PARP1- and APEl-specific small-molecule inhibitors increases

methylation of the paternal genome both globally and in LINE1 elements [154]. Taken together,
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these data indicate that DNA breaks and activation of PARPs are important for active DNA

demethylation.

Interplay between PARylation and DNA methylation

PARPs-catalyzed PARylation performs diverse and important functions in the regulation of
both DNA methylation and demethylation. Nucleosome-bound PARPL1 is enriched in chromatin
domains showing lower 5mC content within 1 kb from the transcription start sites of highly
expressed genes [155,156]. For example, Dnmtl, p16, a-SMA (smooth muscle actin alpha),
pluripotency-related genes, NF-kB-dependent genes, peroxisome proliferator activated
receptor y (PPARYy)-dependent genes, and other genes are regulated by PAR moieties and
PARPL1 located at the promoter site (for more detailed review see Ciccarone et al. [66]).
DNMT1 plays an important part in DNA methylation of newly synthesized hemimethylated DNA
during replication [157,158]. Zampieri and coauthors demonstrated that PARPL is colocalized
with PAR specifically at one out of the five inferred Dnmtl promoter regions [159]. Auto-
PARylated PARP1 and PAR polymers interact with both CTCF and DNMT1, thereby
preventing their access to DNA and methylation of cytosines [9,160]. DNMTL1 contains two
PAR-binding domains that render higher affinity of the methyltransferase to PAR polymers than
to DNA [159]. Accordingly, overexpression of hydrolase PARG causes increased methylation
of the Dnmtl promoter and repression of Dnmtl expression [159]. The existence of an
additional layer of DNMTL1 expression control should be noted: through PARP1-catalyzed
PARylation of the UHRF1 factor, which mediates ubiquitination of DNMT1, to ensure its timely
regulated abundance in S and G2 phases [161]. Competitive PARP inhibition leads to global
genomic-DNA hypermethylation mainly concentrated in CGI (CpG island) regions in vivo,
whereas hyperactivation of PARP1 leads to hypomethylation [159]. In the absence of ADP-
ribosylation, a particular gene could also be differently affected as hypermethylated at the CGls
of the promoter site while hypomethylated within the gene body [156]. Finally, PARP1-
mediated PARylation of methyl CpG—binding domain protein 2 (MeCP2) impairs its ability to

bind 5mCpG sites and reorganize heterochromatin [162]. Overall, these observations suggest
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that the dynamic PARylation of target proteins is involved in the crosstalk between PARP1 and

DNA methylation.

Nevertheless, the origin of PARP1 activation on those promoter regions remains poorly
understood. Based on in vitro data, it has been proposed that CTCF directly interacts with
PARP1 and induces PARP1 automodification in a DNA-independent manner [9]. Nevertheless,
no solid evidence available that this mechanism is responsible for the observed PAR synthesis
in the cell. In vitro data show that the level of PARP1 activity was ~10-fold higher in the
presence of both activated DNA and CTCF as compared to just DNA and CTCF alone [9]. In
this regard, the combined action of both DNA breaks and CTCF seems preferable for the
induction of PARP1 automodification during PARP1-mediated regulation of gene expression
at certain promoter sites in the genome. Moreover, several studies indicate that even though
CTCF plays certain roles in the regulation of gene expression, DNMT1 [159] and under certain
circumstances p16 can still be expressed in the absence of CTCF but not that of PAR polymers
[163]. In the context of genotoxic stress—induced enzymatic modifications of DNA, CTCF is
actually recruited to the DNA damage site once there is PAR in the proximity of the lesion.
CTCF has 11 zinc finger domains that can bind to DNA and among them zinc finger 4—6 motifs
have been reported to recognize and bind PAR chains, which are structurally similar to sSSDNA
[164]. CTCF can also be PARylated by the PARP proteins. This PARylation seems to be cell-
cycle-dependent; proliferating cells hardly contain any ADP-ribosylated CTCF, whereas the
cells under cell cycle arrest contain a large amount of modified CTCF. This PARylation also
correlates with upregulation of many genes responsible for cell cycle arrest, differentiation, and
development [165]. It is noteworthy that Klenova and colleagues have provided evidence that
CTCF dissociates from majority of sites on chromatin after PARylation [165]. This idea also

supports the notion of CTCF binding to ADPr motifs instead of intact DNA [164].

Moreover, the physical and functional interplays among CTCF, DNMT1, and PARP1 also
involve TET proteins. On the one hand, CTCF interacts with and recruits TET proteins to

genomic DNA, thus promoting oxidation of 5mC [166]; on the other hand, TET-catalyzed
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formation of 5ShmC and especially 5caC strengthens CTCF’s association with DNA [167,168].
TET expression is positively regulated by the PARylation activity of PARP1, which leads to
DNA demethylation [169]. Additionally, covalently PARylated TET enzymes convert 5mC into
its oxidized forms more efficiently, although as negative feedback, noncovalent binding of PAR
to a TET protein represses its activity [66]. Accordingly, a noncovalent PAR-binding motif has
been identified in the catalytic domain of TET1 [170]. It should be emphasized here that 5caC
residues can serve as a potential source of SSB and subsequent PARP activation, when they
are processed by TDG-dependent BER. Alternatively, TET1 can also activate PARPL1 in vitro
in the absence of nicked DNA [170], making their interactions even more complex. Accordingly,
TET1-dependent activation of PARP1 would lead to covalent PARylation of TET1 and
induction of its hydroxylase activity, which can be blocked at some point by non covalent
interaction of TET1 with PAR. Nevertheless, inactive TET1-PAR complex still can bind DNA,
block the access to DNMT1, and act as an anchor for the transcription factors via PAR
interaction [170]. Moreover, it was shown that TET1 is recruited by PARP1-dependent
PARYylation at the PPAR response elements and promotes the local production of 5hmC during

adipocyte differentiation [171].

Crosstalk of transcription, DNA breaks, PARylation, and epigenetic

regulation

Regardless of exogenous or endogenous DNA-damaging agents, during DNA transcription and
replication, different regions of genomic DNA show increased susceptibility to DNA breakage
owing to multiple factors such as noncanonical DNA secondary structures (G-quadruplexes,
hairpins, or R-loops) or a chromatin context (chromosomal fragile sites) (reviewed in
[172,173]). Secondary structures of DNA increase the risk of DNA breaks: either targeted ones
such as G4 structures recognized by AID during B-cell development or off-targeted G4s in
active gene regions [129]. Another vivid example of transcription-associated DNA damage is

the damage due to formation of R-loops: a naturally occurring reannealing of the nascent RNA
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transcript with the template DNA strand, with the accompanying displacement of the opposite
ssSDNA strand. Unscheduled formation of R-loops is associated with DNA breaks, replication
fork stalling, and transcription blockage [174]. Notably, aside from transcription pausing, R-
loops are also observed in unmethylated CGI sequences in the proximal promoter regions
during development, possibly regulating transcription activation and restricting DNA
methylation by DNMT3B1 [175]. Formation of R-loops is favored by negative supercoiling
behind RNA polymerase Il and by a specific sequence context (reviewed in [176]). TOP1
counteracts both positive and negative DNA supercoiling during transcription by introducing
SSBs accompanied with the formation of transient TOP1 cleavage complexes (TOP1ccs) at
their 3' termini [177]; this event leads to a decrease in the formation of DNA:RNA hybrids [178].
TOP1ccs are readily “trapped” on chromatin and become irreversible covalent adducts, which,
if not repaired, can lead to transcription and replication blockage and formation of SSBs and
DSBs. It has been reported that cleavage of the ssDNA strand of R-loops by endonucleases,
including XPF, XPG, and FEN1, results in TOPlcc-induced DSB production during

transcription in nonreplicating cells [179].

Nevertheless, the DNA damage in promoter and enhancer regions upstream of transcription
start sites can stimulate transcription instead of blocking it by switching on DNA damage
response pathways including PAR signaling (Figure 3). Indeed, activation of estrogen-
responsive gene transcription of pS2 is dependent on the 3 isoform of DNA topoisomerase Il
(TOP2B)-induced DSBs in the promoter region [180]. This phenomenon has also been
observed in androgen receptor, retinoic acid receptor, and activator protein 1-dependent types
of gene transcription [180]. In general, TOP2 has a role of introducing transient DSBs to resolve
the concatenated DNA and supercoiling for transcription regulation (TOP2) and topological
stress during chromosomal segregation and DNA replication (TOP2a) [181]. The repair of
TOP1- and TOP2B-dependent DSBs is mediated by both NHEJ and HR pathways and is often
accompanied by PARP1 recruitment to the DNA damage site and induction of PAR synthesis

(reviewed in [182,183]). This leads to modulation of gene expression at different levels
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including changes in chromatin structure, DNA methylation, and transcription factor
recruitment and regulation of their activity (reviewed in [17,184]). For example, the
aforementioned ADP-ribose readers (chromatin remodelers such as ALC1 [84], APLF [79,80];
transcription factors NF-kB [185] and TAF15 [186]; and DNA damage repair proteins, such as
XRCC4, Ligase IV, and MRN [75]) are recruited to the DSB sites by noncovalent PAR binding,
frequently becoming a substrate of subsequent PARP1-dependent PARylation as well. Recent
research revealed that RNA polymerase Il and PARP1-dependent NELF (negative elongation
factor) complex recruitment is required for DSB-induced transcriptional repression [187], but
concurrently, PARP1-catalyzed PARylation of NELF-E and NELF-A inhibits NELF and
promotes transcription elongation [188]. Another example of topoisomerase-dependent and
PARP1-dependent gene expression is believed to be TP53 expression. TP53 is split into two
epigenetic domains depending on its chromatin organization and methylation [189].
Accordingly, the first domain—specifically the promoter region of TP53—is hypomethylated,
despite being rich in epigenetic histone markers H3K9ac, H3K4me2, H3K4me3, and H4K16ac,
which are involved in the regulation of active gene transcription [189]. Furthermore, TOP2,
PARP1, HDAC, DNMT1, and CTCF have been found to be localized to this region and
additionally with TOP1 and BRG1 (chromatin-remodeling ATPase) in the hypermethylated 2"
domain [189]. One possibility is that the hypomethylated status of the promoter region and
epigenetic regulation are maintained by the inhibitory effect of PARP1-dependent ADP-
ribosylation on DNMT1 as well as by recruitment of CTCF via its PBZ domain [77] after TOP2-

coupled DNA damage [9,160].

Notably, DNA repair and/or processing of transcription and/or topoisomerase-induced DNA
damage lead to the formation of terminally phosphorylated DNA breaks that can be targeted
for PARP-dependent DNA ADP-ribosylation as discussedearlier. Thus, TOPlcc removal
depends primarily on the TDP1-driven excision of the 3'-tyrosine adduct that generates a 3'-
phosphorylated terminus [190]. It has been reported that TDP1 directly interacts with PARP1

and that they are epistatic for the repair of Toplccs [191]. DSB processing during alternative

28



NHEJ or HR pathways goes through formation of 5’ protruding ends also shown to be effective
substrates for PARP1-catalyzed PARYylation [13,14]. Moreover, PARP1 is activated by DNA
secondary structures like DNA hairpins, G4, and stably unpaired regions [192], whose
presence at promoter and enhancer sites in the proximity of a DSB will create alternative
PARP1 activation or binding sites for the modification of DNA termini. Notably, PARP3-
dependent suppression of G4 in response to DNA damage was recently reported [193]. PARP3
deficiency leads to an increase in the content of G4 in G4-rich regions at the sites flanking
DSBs, but the molecular mechanism of PARP3 activity at G4 sites remains unknown [193]. It
is possible that ADP-ribosylation of DSB termini in these cases will temporarily block their
processing or degradation and modulate DNA break signaling, coordinating the choice of a

repair mechanism and transcription.

Concluding Remarks

Besides the well-known biological roles of PARPs such as DNA repair, chromatin modification,
and gene expression regulation, these enzymes might also be involved in the programmed
DNA strand break-dependent regulation of transcription and replication. The majority of genes
regulated by PARPs belong to stress-responsive and differentiation-related genes. This
observation suggests that DNA strand breaks may be required also for the regulation of
expression of some genes among others listedearlier. The recruitment of effectors—whether
via nonspecific surface charge binding or through specific interaction with PAR or MAR adducts
covalently linked to protein or DNA—may initiate a signaling cascade of epigenetic changes in

chromatin, which result in modulation of the patterns of gene expression (Figure 4).

It is tempting to speculate that the PARP-dependent regulation of gene expression involves
transient DNA strand breaks at specific promoter sites, which induce ADP-ribosylation of not
only of PARPs themselves and other nuclear proteins, but also DNA strand breaks termini,

therefore leading to the recruitment of specific DNA repair and transcription factors to the
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methylation-free gene promoters. However, this hypothesis awaits confirmation from further
technically advanced studies. In the meantime, PARylated DNA along with auto-PARylated
PARPL1 in proximity may block the access of DNMT1 to DNA and maintain the hypomethylated
status, which is prerequisite to gene expression. This idea may also be valid to the regulation
of expression of p16 and RASSF1A, which are dependent on the presence of PAR [163]. One
of the common features of DNMT1, p16, and RASSF1A is that they are all CTCF target genes
[66,163]; in addition, both p16 and RASSF1A take part in cell cycle regulation and arrest during
DNA damage response [194-196]. Alternatively, covalent ADP-ribosylation of DNA strand
break termini may retard the repair, and this in part may explain the phenomenon of the long-
lived DSBs produced by TOP2 in complex with PARP1 at the promoters of genes, which are
regulated by the signal-dependent mechanism, such as PSA, RARb, DIO1 and MMP12, and

ERa (estrogen receptor-a) target genes [180]. Notably, androgen-induced TOP2B-mediated

DSBs could be detected even 6 h after hormone stimulation [197].

In addition, new roles of PARPs and PARylation in the RNA biology are emerging. Very
recently, using RNA immunoprecipitation it was shown that PARP1 binds thousands of mMRNAs
and long noncoding RNAs as well as hundreds of small nuclear RNAs and small nucleolar
RNAs (snoRNAs). PARP1 binding to snoRNAs leads to its activation and autoPARylation,
recruitment, and PARylation of DDX21, an RNA helicase, which, in turn, promotes ribosomal
DNA transcription when ADP-ribosylated [198]. Noteworthy, activation of PARPs when bound
to RNA or DNA substrates creates a possibility that terminal phosphate residue in proximity to
their CAT domain can be ADP-ribosylated. Whether noncanonical RNAs are naturally

occurring ADPr acceptors in a living cell remains to be examined in future studies.

At present, it is not clear how specificity of PAR and MAR readers is affected by the nature of
ADP-ribosylated target protein residue. Similarly, the specific binding factors of DNA-MAR or
DNA-PAR adducts are not yet known, but it is tempting to speculate that they should recognize
both the DNA/RNA and ADPr-phosphate moiety. One of the possible readers of ADP-

ribosylated DNA strand breaks termini could be aprataxin, which recognizes an ADP residue
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on 5' termini of a DNA break formed during an abortive DNA ligation reaction and catalyzes
the release of the AMP group [199]. Aprataxin interacts with PARP1, which promotes the
recruitment of aprataxin to the sites of DNA breaks [200,201]. The PAR-binding affinity of the
FHA domain of aprataxin may also contribute to its recruitment to the site of nicked DNA.
Hence, due to structural similarities, the MAR unit at a DNA strand break end [14,112] may
also be a good substrate for aprataxin activity along with recruitment of XRCC1 or XRCC4,
depending on the nature of the DNA strand break, to finalize the repair of DNA damage via

BER or NHEJ, respectively [199].

In conclusion, recent biochemical, structural, and cellular studies have expanded our
understanding of the diverse roles of ADP-ribosylation. However, new technologies and tools
are required for future studies to reliably distinguish ADP-ribosylated proteins and ADP-
ribosylated DNA or RNA products in a live cell, to identify target- and site-specific ADPr
readers, and to reveal the functional relevance of site-specific ADP-ribosylation on individual

targets [14,41,202].
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FIGURE LEGENDS

Fig. 1. An overview of substrates, sites and products of ADP-ribosyltrasferases.
Fig. 2. ADPr recognizing domains

Fig. 3. Schematic representation of the DNA damage—induced ADP-ribosylation and
transcription. Prior to transcriptional initiation, DNA is nicked by topoisomerases and/or
nucleases introducing SSBs and DSBs. Upon DNA damage, PARP1 (possibly PARP2,
PARP3, or other PARPs) will be activated and recruited to the damage site. PARPs ADP-
ribosylate themselves, potentially DNA termini, histones, and other proteins, block DNMT1
activity, and recruit DNA repair proteins and transcription factors to the DNA damage sites in
the promoter or enhancer region. Then, the affected chromatin decondenses, DNA gets
demethylated, and transcription starts. After restoration of DNA integrity and potentially of the

methylation pattern, transcription can be blocked again.

Fig. 4. Schematic representation of the cellular responses to programmed and random DNA

strand breaks.
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DNA-dependent poly(ADP-ribose) polymerases (PARPs) PARP1, PARP2 and PARP3 act as DNA
break sensors signalling DNA damage. Upon detecting DNA damage, these PARPs use nicotine
adenine dinucleotide as a substrate to synthesise a monomer or polymer of ADP-ribose (MAR or PAR,
respectively) covalently attached to the acceptor residue of target proteins. Recently, it was
demonstrated that PARP1-3 proteins can directly ADP-ribosylate DNA breaks by attaching MAR and
PAR moieties to terminal phosphates. Nevertheless, little is still known about the mechanisms
governing substrate recognition and specificity of PARP1, which accounts for most of cellular
PARylation activity. Here, we characterised PARP1-mediated DNA PARylation of DNA duplexes
containing various types of breaks at different positions. The 3'-terminal phosphate residue at double-
strand DNA break ends served as a major acceptor site for PARP1-catalysed PARylation depending
on the orientation and distance between DNA strand breaks in a single DNA molecule. A preference
for ADP-ribosylation of DNA molecules containing 3'-terminal phosphate over PARP1 auto-ADP-
ribosylation was observed, and a model of DNA modification by PARP1 was proposed. Similar results
were obtained with purified recombinant PARP1 and HelLa cell-free extracts. Thus, the biological
effects of PARP-mediated ADP-ribosylation may strongly depend on the configuration of complex
DNA strand breaks.



Introduction

One of the earliest DNA damage response events in the cell is the recruitment of DNA-dependent
poly(ADP-ribose) polymerases 1, 2 and 3 (PARP1-3) to the sites of DNA strand breaks'>. PARPs 1-3
are catalytically activated through interaction with DNA strand discontinuities and catalyse poly(ADP-
ribosyl)ation (PARylation) or mono(ADP-ribosyl)ation (MARylation, in case of PARP3) of nuclear
acceptor proteins including auto-ADP-ribosylation using NAD" as the ADP-ribose donor*®. Protein
ADP-ribosylation provides a scaffold for the recruitment of other proteins, which also become
potential targets for PARP-dependent ADP-ribosylation altering the function of the modified proteins
and coordinating the choice of DNA break processing and repair pathways. PARP1 is one of the most
abundant nuclear proteins and accounts for ~80-90% of the PARylation activity in the cell induced by
DNA damage”®. PARPI is recruited to damage sites in genomic DNA within a few seconds after laser
micro-irradiation® and modulates multiple pathways involved in DNA strand break repair: base
excision repair, nucleotide excision repair, homologous recombination and non-homologous end-
joining®’. Depletion of PARP1 results in hypersensitivity to ionising radiation, to oxidative stress, and
to alkylating agents'”.

Recently, the previously unknown phenomenon of post-replicative reversible ADP-
ribosylation of DNA strand break termini catalysed by mammalian PARP1-3 was uncovered. These
PARPs catalyse covalent addition of ADP-ribose units to 5'- and 3'-terminal phosphates and to 2'-OH
termini of modified nucleotides at DNA strand breaks, thereby producing a covalent MAR-DNA or
PAR-DNA adduct''""®. This discovery provides novel molecular insights into PARPs’ functions.
Previously, we have partially characterised these activities in vitro and obtained the first indirect
evidence of the presence of PAR-DNA adducts in human cells after a genotoxic treatment'>. We have
demonstrated that PARP2- and PARP3-catalysed DNA ADP-ribosylation proceeds in a nick/gap-
oriented manner and necessitates the presence of at least two DNA strand breaks separated by a
distance of 1-2 helix turns.

The protein PARylation activity of PARP1 has been found to be activated by different types of
lesions and DNA structures including single- and double-strand DNA breaks (SSBs and DSBs,
respectively), DNA crosslinks, stalled replication forks, DNA hairpins, cruciforms, stably unpaired
regions and other non-B-conformations of DNA'4, but the mechanism governing substrate recognition
and specificity of PARP1-dependent DNA PARylation is still undetermined. Here we further
characterised the mechanism and optimal configuration of DNA structures and breaks for PARP1-
catalysed ADP-ribosylation of DNA. We proposed a model of DNA break—oriented binding of PARP1
and demonstrated that PARP1 can catalyse ADP-ribosylation of 3'-phosphorylated DSB termini of the
DNA molecules mimicking DSB and SSB breaks even more effectively than auto-PARylation.
Possible functional interactions between PARP1-mediated PARylation and formation of 3'-

phosphorylated breaks are discussed.



Results

Preferential PARylation of 3'-terminal phosphate at a DSB site by PARP1. Previously, we have
demonstrated that PARP1 preferentially ADP-ribosylates 5'-terminal phosphates of single-stranded
(ss) oligonucleotides and of 5’-overhangs of a DSB in recessed DNA duplexes'"'?. Notably, the 2'-
hydroxyl group of cordycepin at the 3’ end of a recessed DNA is also targeted by PARP1 for covalent
PARylation''. Nevertheless, PARP1-mediated DNA ADP-ribosylation of DNA substrates tested until
now is still much less effective than PARP2- or PARP3-catalysed PARylation of their preferred DNA
substrates' "', In the present study, we further characterised PARP1 DNA substrate specificity and the
mechanism of its DNA PARylation activity. It has been demonstrated elsewhere that PARP2- and
PARP3-catalysed DNA ADP-ribosylation is strongly dependent on the distance between breaks in
DNA substrates'?. Thus, for optimisation of PARP1 DNA PARylation activity we performed an in
Vitro assay at a saturating concentration of NAD" (1 mM) with the human PARP1 enzyme and various
32p_radiolabelled Dbait-based DNA structures (Supplementary Table S1) containing a one-nucleotide
(nt) gap for PARP1 activation and 5'- or 3’-terminal phosphates as acceptor groups of various
overhangs at a unique DSB end (the opposite DSB terminus ended with a hexaethyleneglycol loop).
The reaction products were analysed by denaturing PAGE. As shown in Figure 1, in case of a 1-nt gap
situated 13 nt downstream of the 5" DSB terminus, effective PARylation of the 5'-terminal phosphate
started when 5’-overhangs were >7 nt, resulting in a 24-34% yield of PARylated products (S1" DNA
substrates, n > 7; Fig. 1A and B). Similar results were obtained in the presence of a physiological non-
saturating concentration of NAD™ (50 puM) and a 2.5-fold-increased concentration of PARP1
(Supplementary Fig. S1) suggesting that speed of PARP1-catalysed PAR formation does not
significantly affect DNA substrate specificity. Notably, HPF1 (histone PARylation factor 1), a
PARP1’s interacting partner that is known for modulation of target specificity of PARPI to serine
residues, did not affect PARP1 activity towards the S17 substrate or its profile towards S1" DNA
substrates (Supplementary Fig. S2). Substrates SO" mimicking substrates S1" but containing a
gap on the opposite strand were less effectively PARylated than S1" were; however, SO"
showed a similar profile of the PARylation dependence on the length of 5’ overhangs (Fig.
1B). In contrast to S0” and S1%, 3'-phosphorylated protruding termini in DNA substrates S2" and S3"
were not effectively PARylated by PARP1 even at n = 21 (Fig. 1C). By contrast, surprisingly, we
found that an S2 (S2°) DNA substrate containing 3'-phosphate at the blunt DSB terminus was
PARylated very effectively (72% of the product; Fig. 1C). Notably, we did not observe significant
modification of 3'-phosphorylated termini when the 1-nt gap was placed on the same, 3'-terminus—
containing strand of the duplex (S3" substrates, Fig. 1C). Furthermore, we compared PARP1 activity
towards substrates S2, S2', S27' and S27 (Fig. 2A) to verify how sensitive PARP1 is towards the



position of the 3’-phosphate in S2-based DNA duplexes. The results revealed drastic inhibition of
DNA PARylation in case of substrates with a 1-nt 3'-overhang or 3-nt recessed 3’ terminus (S2' and
S273, respectively; Fig. 2A). Only substrate S2°' was as effective as substrate S2 was (Fig. 2A and B),
suggesting strict necessity of PARP1 for a 3’-phosphorylated blunt or 1-nt recessed DSB terminus
when the gap is positioned on the opposite strand of the DNA duplex 13 nt downstream from the 5’
terminus of DSB. Modification of an unlabelled 3'-terminal phosphate and not of a 5'-[**P]labelled
terminus in the S2 molecule was confirmed by calf intestinal alkaline phosphatase (CIP) treatment of
the reaction products (Fig. 2C). PARP1 kinetic experiments uncovered rapid 3'-phosphate
modification with a majority of S2 and S2"' DNA substrates PARylated already after the first minute
of the reaction (Fig. 2B) and continued to be effective at low (down to 2 uM) concentrations of NAD"®
(Fig. 2D).

An SSB-oriented mechanism of PARP DNA PARylation. It has been demonstrated that the
accessibility of terminal phosphates of a DSB for PARP2 and PARP3 catalytic sites depends on the
distance from a downstream nick'?. Here, we assessed the dependence of PARP1-catalysed 3'-terminal
phosphate PARylation on the distance between a gap and a blunt DSB end in Dbait-based DNA
structures of different lengths. As presented in Figure 3, among substrates tested in columns 1-10,
only DNA substrates containing a gap at a 13- or 23-nt distance from DSB termini (substrates S2 and
S15 or S10 and S18, respectively) were PARylated effectively. Notably, the extent of DNA-
PARylation was very sensitive to the distance between the DSB and the 3’ end of the SSB because
attachment of a single nucleotide to the S7 substrate resulted in a strong reduction of DNA PARylation
in comparison to the S2 substrate. Taking into account that the 10-nt difference in the distance
represents one turn of the DNA helix, these data suggest that the position of the acceptor phosphate
relative to SSB in the DNA helix plays a discriminating role for PARP1-dependent modification, as
observed previously in the case of PARP2 and PARP3 enzymes. This conclusion was confirmed by
significant PARylation of a 5'-terminal phosphate observed at a blunt-ended DSB in the S14 substrate
(Fig. 3, column 14) but not in the S1° substrate (Fig. 1), which feature a half-DNA helix difference in
the positions of their gaps (18 and 13 nt downstream from the DSB end, respectively). The increased
size of gaps in substrates S11, S12, and S13 (3, 7 and 11 nt, respectively) resulted in a significantly
lower DNA PARylation yield (1748 %) as compared to the S2 substrate (77%) containing a 1-nt gap
(Fig. 3, columns 11-13 versus 2). Modification of an unlabelled 3'-terminal phosphate at DSB end in
substrates S10-13 was confirmed by CIP treatment of the reaction products (Supplementary Fig. S3).
These results indicated that PARP1-dependent DNA PARylation of the 3'-terminal phosphate at the
DSB terminus is not restricted to DNA duplexes with short gaps although the 1-nt gap apparently
better coordinates PARP1 binding and activation for subsequent PARylation of such DNA substrates.



The monomeric mode of PARP1 binding to Dbait-based molecules prone to PARylation. DNA
molecules prone to ADP-ribosylation contain at least two proximal breaks for PARP activation and
terminal phosphate modification. It has been suggested that PARP affinity for the modification site
should be relatively low to prevent the binding of a second PARP molecule, which can sterically
protect this site from modification''2. Taking into account that both DSB blunt ends and an SSB have
high affinities for PARP1'>'%, the effective PARylation of DNA substrates S2 and S14 raises a
question: Does PARP1 bind to blunt-ended DSB termini of such substrates? A gel electromobility
shift assay (EMSA) of 5'-[**P]labelled DNA substrates S2, S4, S5 and S15 in the presence of various
PARP1 concentrations showed that PARP1 complexes with S2 and control ungapped S4 migrated as
single bands and had similar electromobility (Fig. 4A, lanes 8, 9 and 2, 3, respectively). On the
contrary, PARP1 complexes with substrate S5 (the same as S2 but the 3’-phosphate is absent) and S16
(contains the 3'-phosphate but at a position not prone to PARylation) migrated notably more slowly as
diffuse doublets (Fig. 4A, lanes 6 and 12, respectively) indicating a binding of an additional PARP1
molecule. Previously, formation of 1:1 or 2:1 PARP1-DNA complexes on EMSA gels has been
demonstrated with 53-bp blunt-ended DNA duplexes'’. These data are suggestive of the monomeric
mode of PARP1 binding to the S2 DNA substrate (Fig. 4B). Intramolecular accommodation of the
phosphorylated DSB terminus of the S2 substrate in the catalytic site of PARP1 bound to the gap on
the same DNA molecule, in our opinion, could explain the observed “hiding” of the DSB terminus of
the S2 substrate from the binding of an additional PARP1 molecule and consequently its effective

PARylation.

A 3'-phosphorylated DSB terminus is a major acceptor site of PARylation as compared to
PARP1 auto-ADP-ribosylation. Previously, we demonstrated preferential DNA break modifications
by enzymes PARP2 (~5-fold) and PARP3 (~50-fold) as compared to their auto-ADP-ribosylation if
the DNA substrates are prone to ADP-ribosylation'?. Nevertheless, PARP1 modification of DNA
breaks in our in vitro assays has always been at least 10-fold less effective than simultaneous auto-
ADP-ribosylation'"'?. Here, we incubated unlabelled DNA substrates S2, S4 and S5 with PARPI in
the presence of a low concentration of [adenylate-**P]NAD" and separated both types of ADP-
ribosylation products by SDS-PAGE (Fig. 5). The results indicated that PARP1 was efficiently auto-
ADP-ribosylated in the presence of any DNA substrates tested, but a DNA ADP-ribosylation product
was observed only in case of the S2 construct containing the 3’-phosphate at the DSB terminus. The
yield of S2 DNA ADP-ribosylation was ~5-fold higher as compared to PARP1 auto-ADP-ribosylation
in the same reaction mixture (Fig. 5, lane 4), suggesting that PARP1-catalysed DNA ADP-ribosylation
can be even more effective than its auto-ADP-ribosylation in case of an optimal configuration of

proximal DNA strand breaks.



3'-Phosphorylated DNA substrates are PARylated in human cell-free extracts. To test the
possibility of the 3'-terminal phosphate ADP-ribosylation at a DSB site in extracts of human cells, we
used DNA substrates S19 and S20 mimicking constructs S4 and S2, respectively, but containing
several internucleotide thiophosphate linkages for protection against nuclease degradation
(Supplementary Table S1). As depicted in Figure 6, the 5'-[**P]labelled S19 control substrate without a
gap and 3'-terminal phosphate group was not effectively PARylated in HeLa PARGXP cell-free
extracts and partially degraded (lanes 3—5). In contrast, the 5'-[**P]labelled S20 substrate with a 1-nt
gap, 3'-terminal phosphate, and an additional thiophosphate linkage at the site of the
hexaethyleneglycol loop was effectively PARylated and not degraded in the condition tested (lanes 9,
10 and 15). PARylation of the 3'- but not 5'-[*’P]labelled phosphate in the S20 substrate was
confirmed by additional CIP treatment that completely removed the unprotected [**P]labelled
phosphate of PARylated products (lanes 14 and 16). These results are in agreement with the data
obtained in our previous work showing effective PARP1-dependent PARylation of a 5'-terminal
phosphate in a 5'-overhang of an S17-like DNA molecule in human cell-free extracts'?. Altogether,
these results suggest that the DNA PARylation activity in the HeLa cell-free extracts can be efficient
towards both 3'- and 5’-terminal phosphates depending on the structure of DNA breaks.

Discussion

PARP1 is an abundant, ubiquitously expressed nuclear protein that has long been regarded as a central
DNA damage-responsive factor in mammalian cells that is required for the maintenance of genome
integrity>'®. It is generally accepted that PARP-dependent PARylation of chromatin results in
chromatin remodelling facilitating the assembly of repair complexes at SSBs and DSBs*'"°.
PARylation and other PARP1-mediated events are critically involved not only in DNA damage repair
but also in a wide array of other biological processes, including replication, epigenetic regulation,
transcription, apoptosis, inflammation, RNA metabolism, autophagy and proteasomal activation®**,
Other DNA-dependent proteins, PARP2 and PARP3, have their specific and partially redundant
functions relative to PARP1, and all three enzymes often act synergistically in response to genotoxic
stress>'®. The number of known PARP functions in the cell continues to grow. For example, recent
work from Caldecott’s laboratory indicates that in unperturbed cells, PARP1 is a sensor of unligated
Okazaki fragments during DNA replication and facilitates their repair**. Other functions still need to
be clarified, including the roles of reversible ADP-ribosylation of DNA catalysed by PARP1-3 and
MARylation of 5'-phosphorylated termini of RNA molecules by PARP10, PARP11, PARP15 and
TRPT1 recently demonstrated in in vitro studies''"'>%.

Despite prior insights into PARP1 DNA PARylation activity, there remain key questions

regarding the regulation of PARP1 activity, including the mechanism and specific requirements for its
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unusual substrate specificity towards DNA breaks. PARP1 activity towards previously tested DNA
substrates is relatively slow and not very effective as compared to the DNA ADP-ribosylation activity
of enzymes PARP2 and PARP3'""!? thus casting a reasonable doubt on the biological relevance of this
PARPI1 activity. Here, we show that PARP1 very effectively PARylates a 3'-terminal phosphate at a
DSB site of gapped DNA duplexes thereby producing more than 50% of PARylated DNA products
already after 1 min of incubation at relatively low (20 nM) enzyme concentrations (Fig. 2B). This
activity is effective in a wide range (2-1000 uM) of NAD" concentrations (Fig. 2D). Taking into
account that the NAD" concentrations in the nucleus and cytoplasm are estimated to be ~100 pM?>,
these results support the potency of PARP1-dependent PARylation of specific DNA breaks in the cell.
This notion is also supported by the PARylation of 3’-phosphorylated DNA breaks in cell-free extracts
(Fig. 6) and by the results of the parallel measurement of PARP1-mediated auto- and DNA
PARylation, revealing even more efficient modification of the 3’-phosphate of the S2 DNA substrate
prone to PARylation as compared to simultaneous PARP1 auto-PARylation (Fig. 5). A similar
observation has been made previously regarding PARP2-mediated and PARP3-mediated ADP-
ribosylation of a 5'-terminal phosphate at a DSB site of nicked DNA duplexes'?, suggesting that all
three DNA-dependent PARPs can preferentially target proximal DNA breaks.

PARP1 is a modular protein and has six distinct folded domains, where three N-terminal zinc
finger domains and a tryptophan-glycine-arginine (WGR) domain have been reported to be essential
for DNA break binding and DNA-dependent activation of the C-terminal catalytic (CAT) domain®’".,
Interdomain contacts play a primary role in the allosteric mechanism of catalytic activation of all three
DNA-dependent PARPs via local destabilisation of the auto-inhibitory helical subdomain of CAT?'. In
contrast to PARP1, PARP2 and PARP3 do not have zinc finger domains and PARPs 1-3 are
differently activated by a variety of damaged DNA structures®**. Notably, PARP2 and PARP3 are
preferentially activated by an SSB harbouring a 5'-terminal phosphate, in contract to PARP1, which is
activated regardless of the phosphorylation status of the DNA ends**. Previously, we proposed a
mechanistic model where PARP3-catalysed and PARP2-catalysed DNA ADP-ribosylation depends on
the orientations and distances between DNA strand breaks in a single DNA molecule'?. Accordingly,
PARP3 and PARP2 ADP-ribosylate the 5" DSB terminus of the same nicked strand if these breaks are
separated by a distance of one or two turns of the DNA helix and less effectively ADP-ribosylate the
3'-DSB terminus of opposite strands if the breaks are separated by a distance of 1.5 helix turns'?. The
present study shows that PARP1 has different DNA substrate requirements for PARylation of terminal
phosphates (1.3 or 2.3 and 1.8 helix turns for 3'- and 5’-DSB blunt termini, respectively) but shows
similar dependence on DNA helicity and on the orientations of strand breaks (Figs. 1 and 3). Taken
together, these findings suggest that effective DNA ADP-ribosylation depends on an interplay
between the activation of a DNA-bound PARPs and accessibility of the DNA acceptor group for their
CAT domain. According to these results, we propose a model of PARP1-mediated DNA ADP-



ribosylation (Fig. 7) where the binding of PARP1 to an SSB (1-nt gap) activates its catalytic domain,
which in turn starts to ADP-ribosylate all sterically accessible acceptor groups in the same DNA—
enzyme complex. This model is supported by the observed monomeric mode of PARP1 binding to the
S2 DNA substrate prone to effective PARylation despite the presence of two breaks on the same DNA
molecule (Fig. 4). Structural studies conducted in Pascal’s and Neuhaus’s laboratories have revealed
that PARP1 binds SSBs with directional selectivity, where zinc fingers 1 and 2 bind to 5" and 3’ stems,
respectively, and the distance between a DNA break (DSB or SSB)-binding site and the catalytic site
in PARP1-DNA complexes is ~45 A, which corresponds to ~1.3 turns (=13 bp) of a B-DNA helix
2729 This observation may explain the strong preference of PARP1 for the S2 substrate, in which the
distance between a protein-binding SSB and the PAR-accepting DSB termini is 13 bp. Nevertheless, it
should be stressed that other DNA substrates with a greater distance between two strand break sites
can still be modified by PARP1. We can hypothesise that the efficient ADP-ribosylation of S2, S10,
S14 and other DNA substrates is due to (i) the position of their acceptor phosphates, which is on the
same side of the DNA helix exposed to the active site of the PARP1 CAT domain; (ii) the highly
dynamic nature of the multi-domain proteins and (iii) the flexibility of ss overhangs in substrates S0O"
and S1" (with n > 7), which might enable 5’ termini to reach the CAT site. The latter notion is
supported by effective ADP-ribosylation of 5’ overhangs in S1" duplexes (with n > 3 nt) — but not that
of the blunt S1° duplex — catalysed by PARP2 or PARP3 (Supplementary Fig. S4) relaxing the
necessity of a 10 or 20 bp distance between a blunt DSB and an SSB for effective ADP-ribosylation of
a 5’ DSB terminus'?. The absence of PARylation of the S21 substrate (Figure 3), which mimics S1*'
but lacks a gap, rules out that PARP1 is activated on ds-ssDNA transitions at 5’ overhangs when it
PARylates S1?' and other S1” structures. The absence of DNA PARylation of substrates S2" and S3"
with 3" overhangs (Figure 1) suggests that other structural elements of the acceptor DNA terminus are
required for accommodation of the terminal phosphate residue in the active site of the PARP1 CAT
domain. Given the strong flexibility of both PARP1 and SSB-containing DNA polymers, it is tempting
to speculate that with DNA molecules prone to PARylation, PARP1 will preferentially form
structurally different complexes stabilised by interactions with both proximal breaks including the
CAT domain interaction with an upstream phosphorylated terminus. Further studies are needed to test
this hypothesis.

According to the evidence collected so far, DNA ADP-ribosylation activity of PARPs strongly
depends on the type and position of DNA breaks. Proximal DNA breaks can be generated directly by
genotoxic agents or during processing of the initial DNA damage by DNA repair and DNA replication
machineries. In this study, we demonstrate that PARP1 preferentially PARylates a 3'-phosphate of
DSB sites in proximity to an SSB. It should be noted that 3’-phosphate termini can be generated
endogenously as an intermediate of the action of bi-functional DNA glycosylases or as a product of a

tyrosyl-DNA phosphodiesterase 1 (TDP1) reaction, which can remove a variety of 3’ adducts from an



SSB and DSB during DNA repair and leave a 3'-terminal phosphate®*°. It has been reported that
PARPI plays a critical part in TDP1-mediated repair of trapped topoisomerase I (TOP1) cleavage
complexes®’. PARP1 directly binds to the N-terminal domain of TDP1 and PARylates TDP1 without
blocking its catalytic activity. Multiple studies show that PARP inhibitors are sensitise cells to TOP1
poisoning by camptothecin®**’. Moreover, genetic evidence indicates that PARP1 and TDP1 are
epistatic for the repair of TOP1-induced DNA damage®’. We suggest that the PARP1-dependent
PARylation of 3’-phosphorylated DNA breaks observed here may further enhance the functional
interactions between the PARP1 and TDP1. Additional studies are warranted to elucidate how
PARP1-dependent DNA PARylation can perform its specific function in a cellular response to DNA

damage.

Materials and Methods

Proteins, chemicals and reagents. Proteinase K from Tritirachium album and deoxyribonuclease I
from bovine pancreas (DNase I) were purchased from Sigma—Aldrich (France), whereas CIP and TdT
(terminal deoxynucleotidyl transferase) from New England Biolabs France (Evry, France). Human
poly(ADP-ribose) polymerase 1 (PARP1; EC 2.4.2.30) and bovine PARG were bought from Trevigen
(Gaithersburg, MD, USA).

Oligonucleotides and Dbait molecules. Sequences of the oligonucleotides and their duplexes used in
this work are shown in Supplementary Table S1. Regular oligonucleotides, oligonucleotides with
thiophosphates as well as Dbait molecules containing a hexaethyleneglycol linker [(CH2-CH»-O)s]
tethering two complementary DNA strands were acquired from Eurogentec (Seraing, Belgium). Prior
to enzymatic assays, the oligonucleotides were labelled at the 5’'-OH end using T4 polynucleotide
kinase (Thermo Scientific) in the presence of [y->*P]JATP (3000 Ci-mmol ', PerkinElmer) as described
previously''. Cold ATP at 0.1 mM was added to phosphorylate the remaining non-labelled
oligonucleotides. After the labelling reactions, the radioactively labelled oligonucleotides were
desalted on a Sephadex G-25 column, equilibrated with water and then annealed with a corresponding
complementary strand for 3 min at 65°C in the following buffer: 20 mM HEPES-KOH (pH 7.6) and
50 mM KCl.

DNA ADP-ribosylation assay. PARP-dependent DNA ADP-ribosylation activity was measured as
described previously''. Briefly, one of 20 nM [**P]labelled oligonucleotide duplexes was combined
with 20 nM PARP1 in the presence of 1 mM NAD" in ADPR buffer (20 mM HEPES-KOH pH 7.6, 50
mM KCI, 2 mM MgCl,, | mM DTT and 100 pg/ml BSA). The mixture was incubated for 30 min at
37°C, unless stated otherwise. After the reaction, the samples were incubated with 50 ng/ul proteinase
K and 0.15% of SDS for 30 min at 50°C followed by the addition of 4 M urea and incubation for 10 s

at 95°C. The reaction products were analysed by electrophoresis in denaturing 20% (w/v)



polyacrylamide gels (PAGE; 7 M Urea, 0.5x TBE, 42°C). A Fuji FLA-3000 Phosphor Screen was
exposed to the gels and was then scanned with Typhoon FLA-9500, and the image was analysed in the

Image Gauge 4.0 software.

Simultaneous evaluation of the efficiency of PARP1-catalysed auto- and DNA ADP-ribosylation.
This assay was carried out as described previously'? with minor modifications. 320 nM PARP1 was
added to cold 1 uM oligonucleotide duplex and incubated in ADPR buffer but without BSA in the
presence of 0.5 uM [adenylate-**P]NAD" (800 Ci-mmol ', PerkinElmer) for 30 min at 37°C. The
reaction products were treated with 10.5 U of DNase I for 30 min at 37°C in the presence of 0.5 mM
CaCl,. After heating for 1 min at 95°C in 1x LDS sample buffer (Invitrogen), the products of the
reaction were separated by SDS-PAGE on precast 10% gels (Invitrogen).

The cell line, culture conditions, and preparation of nuclear extracts. Stable PARG knockdown
(shPARG/PARGXP) and control (shCTL/BD650) HeLa cell lines have been described elsewhere*!.
The cells were grown in DMEM (Dulbecco’s modified Eagle’s medium) supplemented with
penicillin/streptomycin (Gibco, Gaithersburg, USA) and 10% of foetal bovine serum in a humidified
atmosphere containing 5% of CO,. After harvesting, the cells were washed twice in cold phosphate-
buffered saline (PBS). All the procedures were conducted at 4°C. The cell pellets were resuspended in
3 volumes (w/v) of cytoplasmic extract buffer (10 mM HEPES-KOH pH 7.6, 10 mM KCl, 0.1 mM
EDTA, 0.15 mM spermine, 0.7 mM spermidine, 1x cOmplete protease inhibitors EDTA-free [Roche]
and 1 mM DTT); 0.1% of NP-40 was added immediately after cell resuspension. The cells were
allowed to swell on ice for 5 min. Nuclei were collected by centrifugation (500 x g, 5 min), then
resuspended in 1 volume of nuclear extract buffer (20 mM HEPES-KOH pH 7.6, 0.4 M NaCl, | mM
EDTA, 25% of glycerol, 1x cOmplete protease inhibitors EDTA-free [Roche] and 1 mM DTT). After
10-min incubation on ice, the samples were centrifuged at 13 000 x g for 5 min. The nuclear extracts

(supernatants) were stored at —20°C if not used immediately.

Data availability
The raw and processed data are available from the corresponding author on reasonable request.
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FIGURE LEGENDS

Figure 1. Effects of the type and size of protruding ends in Dbait-based DNA structures
containing a 1-nt gap on the PARP1-catalysed formation of PAR-DNA adducts. Twenty-
nanomolar PARP1 was incubated with 20 nM 5'-[32P]labelled oligonucleotide and 1 mM NAD for 15

min at 37°C under standard reaction conditions. (A) Denaturing PAGE analysis of PARP1-generated

products of PARylation of [**P]labelled DNA substrates S1”. (B) and (C) Comparison of DNA
PARylation activities of PARP1 towards DNA substrates containing 5'-overhangs (SO" and S1") or 3'-
overhangs (S2" and S3"), respectively. The data on PARP-catalysed formation of PAR-DNA products

are presented as mean + SD from three independent experiments.

Figure 2. PARP1-catalysed PARylation of S3" DNA structures with a 3'-phosphate terminus at
the DBS end. (A) [**P]labelled DNA substrates S2" (50 nM) were incubated with 40 nM PARP1 for
10 min 37°C. (B) Time dependence of PARP1-driven PARylation of substrates S2 and S2°'. DNA
substrates (50 nM) were incubated with 20 nM PARP1 for the indicated period under standard

reaction conditions. (C) CIP-induced dephosphorylation of 5'-[**P]labelled PAR-S2 products. After
13



incubation with PARP1, the S2 samples were heated for 10 min at 85°C, and the resulting
[**P]labelled DNA PARylation products were further incubated with 10 U of CIP for 30 min at 37°C.
(D) The dependence of S2 DNA (40 nM) PARylation by PARP1 (20 nM) on NAD" concentration.

The data in panels C and D are presented as mean = SD from three independent experiments.

Figure 3. Gap—DSB distance dependence of PARP1-catalysed PARylation of the 3’ phosphate at
a DSB end of DNA duplexes. The data on PARP-catalysed formation of PAR-DNA products are
presented as mean = SD from three independent experiments performed under standard reaction

conditions.

Figure 4. The monomeric mode of PARP1 binding to DNA molecules prone to PARylation. (A)
The EMSA. Each of 20 nM DNA duplexes was incubated with 0, 50 or 100 nM PARP1 in a buffer
consisting of 20 mM Tris-HCI pH 7.6, 50 mM KCl and | mM DTT for 10 min at room temperature.
The DNA-protein complexes were analysed by electrophoresis in a 4—12% Tris-Glycine
polyacrylamide gel (Novex) under non-denaturing conditions at 4°C after addition of 10 % glycerol.
(B) The putative model of PARP1 complexes with DNA substrates prone (S2) or not prone (S5) to
DNA break PARylation.

Figure 5. Comparison of the efficiency of PARP1-catalysed auto- and DNA ADP-ribosylation.
The denaturing SDS-PAGE analysis of the products of PARP1 incubation with cold oligonucleotide

duplexes in the presence of [adenylate—32P]NAD+. For details see Materials and Methods.

Figure 6. Formation of PAR-3' phosphate-DNA adducts in nuclear extracts from HeLa
PARGKXP cells. Fifty-nanomolar [**P]labelled S19 or S20 Dbait-based molecules were incubated with
2.5 ng/ul Hela extracts or 40 nM PARPI in the presence of 67 mM KCI, 10 mM HEPES-KOH pH
8.0 and 500 uM NAD" for 20 min at 37°C. The reactions were stopped by heating the samples for 10
min at 80°C, and the resulting DNA PARylation products were next incubated with 20 pg/ul PARG
(lanes 5 and 10) or after phenol-chloroform extraction with 10 U of CIP for 30 min at 37°C (lanes 12,
14 and 16). The reaction products were analysed by denaturing PAGE.

Figure 7. Schematic representation of the putative model of DNA modification by PARP1 activated

on a 1-nt gap.
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Figure 1. Effects of the type and size of protruding ends in Dbait-based DNA structures containing a 1-nt gap on the PARP1-
catalysed formation of PAR-DNA adducts. Twenty-nanomolar PARP1 was incubated with 20 nM 5’-[32P]labelled oligonucleotide and
1 mM NAD* for 15 min at 37°C under standard reaction conditions. (A) Denaturing PAGE analysis of PARP1-generated products of
PARylation of [32P]labelled DNA substrates S1". (B) and (C) Comparison of DNA PARylation activities of PARP1 towards DNA substrates
containing 5’-overhangs (S0" and S1") or 3’-overhangs (52" and S3"), respectively. The data on PARP-catalysed formation of PAR-DNA
products are presented as mean £ SD from three independent experiments.
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Figure 2. PARP1-catalysed PARylation of S3" DNA structures with a 3’-phosphate terminus at the DBS end. (A) [32P]labelled DNA
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30 min at 37°C. (D) The dependence of S2 DNA (40 nM) PARylation by PARP1 (20 nM) on NAD* concentration. The data in panels C
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for 20 min at 37°C. The reactions were stopped by heating the samples for 10 min at 80°C, and the
resulting DNA PARylation products were next incubated with 20 pg/ul PARG (lanes 5 and 10) or after
phenol-chloroform extraction with 10 U of CIP for 30 min at 37°C (lanes 12, 14 and 16). The reaction
products were analysed by denaturing PAGE.
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Table S1. Sequences of the oligonucleotides and their duplexes used in this study.

Name Oligonucleotides sequences and structures
%
\ n
Son 5' TCATAGGCTTAGTCGTCATTCGCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTT GCTTAAGTGTTCGGATCT Linker
»
n fo\ n <0\
S1 5' TCATAGGCTTAGTCGTCATTCGCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3'CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
o
:’6\
S2n 5' GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3’ CTTACTGCTGATTCGGATACTCGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q, n
>
S2 2
5'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
(S 20) 3 CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q
W
s2t 2
5'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3' GACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q'
W
‘:6\
S2-3 5'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3' CACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
o)
g3n 5 ' GCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3' CTTACTGCTGATTCGGATACTCGACACGGGAGTT GCTTAAGTGTTCGGATCT Linker
A
< n ?3
v
fo\
S4 51 GCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
.
‘:0\
S5 5'GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3'CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
@
:’O\
S6 5' GCTGTGCCCT AAGCGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
2
2.
fo\
S7 5' GCTGTGCCCTCAAC CGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTG-GCTTAAGTGTTCGGATCT Linker
2
N
S8 5' GCTGTGCCCTCAACC AATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
q
.
‘:0\
S9 5' GCTGTGCCCTCAACCGAATT ACAAGCCTAGA :) HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q
.
‘:6\
S10 5' GCTGTGCCCTCAACCGAATTCAC AGCCTAGA D HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
<
w»
‘:6\
S11 5' GCTGTGCCCTCAA  AATTCACAAGCCTAGA :) HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q'
.
‘:O\
512 5' GCTGTGCCCTCAA CACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
/
g
.
‘3\6\
513 51 GCTGTGCCCTCAA AGCCTAGA D HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
]
.
Y Q
514 5' GCTGTGCCCTCAACCGAA TCACAAGCCTAGA :) HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
U:%\
S15 5' GCTGTGCCCTCAA CGAATTCACAAGCCTAGAGTTACATTAGCAGATACG :) HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCTCAATGTAATCGTCTATGC Linker
Q
.
j)\
S16 5’ GCTGTGCCCTCAACCGAAT CACAAGCCTAGAGTTACATTAGCAGATACG HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCTCAATGTAATCGTCTATGC Linker
Q’
P
S17 5' GCTGTGCCCTCAACCGAATT CACAAGCCTAGAGTTACATTAGCAGATACG HEG
3' CGACACGGGAGTTGGCTTAA-GTGTTCGGATCTCAATGTAATCGTCTATGC Linker
Q
3
Y
S18 5’ GCTGTGCCCTCAACCGAATTCAC AGCCTAGAGTTACATTAGCAGATACG D HEG
3’ CGACACGGGAGTTGGCTTAAGTGTTCGGATCTCAATGTAATCGTCTATGC Linker
Q
.
.
S19 5' GCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3 ' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
tt
.
=]
S20 tt < t
5' GCTGTGCCCTCAA CGAATTCACAAGCCTAGA HEG
3' CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
Q,
.
:’O\
S21 5' TCATAGGCTTAGTCGTCATTCGCTGTGCCCTCAACCGAATTCACAAGCCTAGA HEG
3’ CGACACGGGAGTTGGCTTAAGTGTTCGGATCT Linker
.
S22 2
HEG

N\
5' GCTGTGCCCTCAACCGAATTCACAAGCCTAGA D
3' ,CTTACTGCTGATTCGGATACTCGACACGGGAGTTGGCTTAAGTGTTCGGATCT
Q

Linker
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Figure S1. ADP-ribosylation of S1" DNA duplexes containing 5’-otherhangs by PARP1 at a non-saturating concentration of
NAD*. [32P]labelled S1" DNA duplexes (20 nM) were combined with 50 nM PARP1 in the presence of 50 uM NAD* for 15 min at
37°C under standard reaction conditions. The data on PARP-catalysed formation of DNA ADP-ribosylation products are
presented as mean * SD from three independent experiments.
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Figure S2. PARP1 DNA PARylation activity in presence of HPF1. (A) The 5'-[32P]labelled S17 DNA duplex (20 nM) was incubated
with PARP1 (10 nM) and varying concentrations of HPF1 under standard reaction conditions. The products of the reaction were
separated using denaturing PAGE. (B) Comparison of DNA PARylation activities of PARP1 (10 nM) toward S1" DNA substrates (20
nM) in presence of 100 nM HPF1 under standard reaction conditions. The purified human HPF1 protein was kindly provided by
Dr lvan Ahel (University of Oxford, U.K.). The error bars represent the standard deviation (n = 3).
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Figure S3. Validation of PARP1-dependent PARylation of 3’-phosphorylated DSB termini of DNA substrates
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samples were heated for 10 min at 85°C, and the resulting [3?P]labelled DNA PARylation products were

further incubated with 10 U of CIP for 30 min at 37°C.
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three independent experiments.
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jouent un role essentiel dans la sensibilit¢ et la
résistance des cellules tumorales pendant et apres les
traitements anticancéreux. Les poly (ADP-ribose)
polymérases ADP-dépendantes (PARP) PARPI,
PARP2 et PARP3 agissent comme des capteurs de
cassure d'ADN signalant des dommages a 'ADN. 11
est généralement admis que 1'ADP-ribosylation des
protéines médiée par le PARP joue un r6le important
dans la réparation des cassures des brins d'ADN et la
1étalité synthétique. Nos études récentes ont montré
un nouveau type d'activité des protéines PARP de
mammiféres qui peuvent attacher directement des
oligomeres mono- ou poly (ADP-ribose) (MAR ou
PAR, respectivement) non seulement aux protéines
mais aussi aux extrémités de ' ADN,

mais leur mécanismes sont encore peu clairs. Nous
pensons que la situation actuelle du terrain
nécessite un recours urgent a des approches
originales sur les mécanismes d'action des
PARP. Ici, un modéle de modification de I'ADN
par PARP1 a été proposé. De plus, nous avons
élaboré une nouvelle technique protéomique et
environ 90 lecteurs potentiels d'adduits MAR-
ADN ont été identifiés. Enfin, le role de I'ADP-
ribosylation de I'ADN dans la voie (NHEJ) de
réparation des cassures double brin a été
partiellement caractérisé. En perspective, les
nouvelles connaissances sur le rOle et les
mécanismes des actions des PARPs dans la
signalisation des dommages a [I'ADN
identifieront de nouvelles cibles thérapeutiques
ou diagnostiques dans le cancer et d'autres
maladies liées a l'age.

Title : Characterization of DNA ADP-ribosylation mechanism and its role in DNA damage signaling

Keywords : PARP substrate specificity, DNA ADP-ribosylation, PARPs, NHEJ, DSB repair

Abstract :

Cellular DNA is constantly damaged by exogenous
and endogenous factors resulting in single- or
double-strand DNA breaks (SSB or DSB). DNA
repair mechanisms play critical roles in sensitivity
and resistance of tumor cells during and after
anticancer treatments. DNA-dependent poly(ADP-
ribose) polymerases (PARPs) PARP1, PARP2 and
PARP3 act as DNA break sensors signaling DNA
damage. It is generally accepted that PARP-
mediated ADP-ribosylation of proteins play
important role in DNA strand breaks repair and
synthetic lethality. Our recent studies showed novel
type of activity of mammalian PARPs proteins that
can directly attach mono- or poly(ADP-ribose)
(MAR or PAR, respectively) moieties not only to
proteins but also to the DNA termini at the sites of
DNA strand breaks but their mechanisms are still
elusive.

We believe that current situation in the field
requires an urgent employment of original
approaches and new-look at mechanisms of PARPs
action. Here a mechanistic model of DNA
modification by PARP1 was proposed. Moreover,
we elaborated new proteomic technique and about
90 potential MAR-DNA adduct readers were
identified. Finally, the role of DNA ADP-
ribosylation in Non-Homologous End-Joining
(NHEJ) pathway of DNA double strand break repair
was partially characterized. In perspective, the new
knowledge about the role and mechanisms of
PARPs actions in DNA damage signaling will
identify novel therapeutic or diagnostic targets in
cancer and other age-related diseases.
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