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Melanija  Posavec  Marjanović a, Kerryanne  Crawford b, Ivan  Ahel b,∗

a University of Zagreb, Horvatovac 102a, 10000 Zagreb, Croatia
b Sir William Dunn School of Pathology, University of Oxford, S Parks Rd, Oxford OX1 3RE, UK,

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 23 June 2016
Received in revised form
14 September 2016
Accepted 23 September 2016
Available online xxx

Keywords:
ADP-ribosylation
PARP
Chromatin structure
Transcription
Posttranslational modification

a  b  s  t  r  a  c  t

Compaction  mode  of  chromatin  and  chromatin  highly  organised  structures  regulate  gene expression.
Posttranslational  modifications,  histone  variants  and  chromatin  remodelers  modulate  the  compaction,
structure  and  therefore  function  of  specific  regions  of  chromatin.  The  generation  of  poly(ADP-ribose)
(PAR)  is emerging  as one  of  the  key  signalling  events  on  sites  undergoing  chromatin  structure  modulation.
PAR  is  generated  locally  in  response  to stresses.  These  include  genotoxic  stress  but  also  differentiation
signals,  metabolic  and  hormonal  cues.  A pictures  emerges  in which  transient  PAR  formation  is essential  to
orchestrate  chromatin  remodelling  and  transcription  factors  allowing  the  cell  to  adapt  to alteration  in its
environment.  This  review  summarizes  the  diverse  factors  of ADP-ribosylation  in the adaptive  regulation
of  chromatin  structure  and  transcription.
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1. Introduction

1.1. ADP-ribosylation – revival of the old PTM

Even though the number of posttranslational modifications
(PTMs) is constantly growing thus opening new avenues of
research, recent reports prove that even some of the most estab-
lished and widely conserved PTMs pose significant challenges in
understanding their complex function [182]. One of these elusive
PTMs is ADP-ribosylation. ADP-ribosylation is the process during
which a molecule of adenosine diphosphate ribose (ADP-ribose) is
transferred from NAD+ molecule onto specific residues of the tar-
get protein [26]. The amino acids accepting the modifications are
most commonly glutamate, aspartate and arginine, but some other
amino acids have been also reported as acceptors [12,150,183]. A
major family of enzymes that generates ADP-ribosylation are poly-
ADP-ribose-polymerases (PARPs) [161]. PARPs can transfer one
ADP-ribose molecule generating mono(ADP-ribosyl)ation or chains
of poly(ADP-ribose) (PARylation) onto a specific acceptor site in
the protein target. PARP1 for example can make chains of more
than 100 nucleotide units. Additionally, PARP1 can form branched
chains every 20–50 ADP-ribose units [38]. Since PAR chain forms
a helicoidal secondary structure that is similar to RNA and DNA,
PAR can be considered as the third nucleic acid [38]. Phylogenetic
studies reveal that ADP-ribosylation is an ancient and conserved
PTM: it is found in almost all organisms from bacteria to eukary-
otes with the exception of yeast [134]. The involvement of protein
ADP-ribosylation in main cellular processes such as DNA damage
response (DDR), transcription, chromatin architecture and plas-
ticity, differentiation and metabolism has been well investigated
and documented (recently reviewed in [9,12,25,41,56,71]). Over-
all, ADP-ribosylation seems to act as a mediator of stress response
upon DNA damage, modulations of metabolic requirements dur-
ing differentiation, response to changed environmental signals and
metabolic milleu facilitating the adaptation of the cell to new situ-
ation (Fig. 1).

1.2. Writers, readers and erasers of ADP-ribosylation

ADP-ribosylation is a highly dynamic PTM, which needs to be
tightly regulated in time and space. Accordingly, all organisms pos-
sessing ADP-ribosylation have developed networks of enzymes of
varying complexity involved in modulation of ADP-ribosylation
signalling. As with other PTMs, ADP-ribosylation system has its
“writers”, “readers” and “erasers” (Table 1).

1.2.1. Writers
PARP family encompassing the “writers” in most of the mam-

mals has at least 16 members. The most studied member is PARP1

shown to be crucial for the control of several cellular processes
[7,20]. All PARP enzymes possess a highly conserved ADP-ribosyl
transferase (ART) domain. Differential activity between the PARPs
can be achieved via slight variations in the ART domain [170]. For
example, while PARP1, PARP2 and tankyrases can make longer
chains, many of other PARPs’ activity is restricted to mono-
ADP-ribosylation or generation of very short chains. Structural
implications for the activity of PARPs were summarised recently
elsewhere and will not be discussed here [12,170,183]. The com-
plexity of ADP-ribosylation function is particularly enhanced in
higher organisms whose PARP enzymes comprise, in addition to the
ART domain, a plethora of other domains that additionally regulate
the PARPs activity and functional specificity [85].

1.2.2. Readers
The macrodomain fold is found in numerous proteins from

viruses to eukaryotes and is able to bind or sense different ADP-
ribose metabolites (for more details please refer to [140,143]) and
macrodomain containing proteins such as ALC1 and macroH2A
[3,96,173] serve as readers of protein ADP-ribosylation signals
(see Chapters 3.1.1 and 4). Apart from macrodomain several other
domains have been described as readers, for example PBM [137],
PBZ [4], WWE  [184] and OB fold [194] (reviewed in [13,56,85,87]).

1.2.3. Erasers
Several proteins have been described to be able to degrade PAR

polymer or to remove protein mono(ADP-ribosyl)ation from tar-
gets. These include PAR glycohydrolase (PARG), ARH3, MACROD1
(LPR16), MACROD2 and terminal ADP-ribose hydrolase (TARG1 or
C6ORF130) [11,78,118,149,163,165]. Apart from ARH3, all of these
erasers have the catalytic macrodomain fold in common, that sup-
ports both binding and hydrolysis function for these enzymes.
While PARG and ARH3 degrade the PAR chains, the other three
enzymes, MACROD1, MACROD2 and TARG1 remove the protein-
proximal mono-ADP-ribose and enable the complete reversal of
the modification [170]. The by-product of sirtuin enzymatic activ-
ity, O-acetyl-ADP-ribose (OAADPR), can also be hydrolysed by
MACROD1/D2 and TARG1 [28,135]. Other families of proteins that
may  remove the protein ADP-ribosylation are nucleoside diphos-
phate linked to another moiety X proteins (NUDIX) [132] and
ectonucleotide pyrophosphatase/phosphodiesterases (ENPP/NPP)
[131].

2. PARPs in DNA repair and beyond

PARP1 and PARP2 are major responders to DNA damage, includ-
ing both single-strand (SSB) and double-strand (DSB) DNA breaks
[44]. Following genotoxic insult PARP1 and PARP2 sense DNA dam-
age by binding to the broken DNA ends and are specifically and
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