1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2019 January 30.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2018 January 30; 57(4): 429-440. doi:10.1021/acs.biochem.7b01022.

Proteomic analysis of the downstream signaling network of
PARP1

Yuanli Zhen! and Yonghao Yul”
1Department of Biochemistry, University of Texas Southwestern Medical Center, Dallas, TX,
75390

Abstract

Poly-ADP-ribosylation (PARylation) is a protein posttranslational modification (PTM) that is
critically involved in many biological processes that are linked to cell stress responses. It is
catalyzed by a class of enzymes known as poly-ADP-ribose polymerases (PARPS). In particular,
PARP1 is a nuclear protein that is activated upon sensing nicked DNA. Once activated, PARP1 is
responsible for the synthesis of a large number of PARYylated proteins and initiation of the DNA
damage response (DDR) mechanisms. This observation provided the rationale for developing
PARP1 inhibitors for the treatment of human malignancies. Indeed, three PARP1 inhibitors
(Olaparib, Rucaparib and Niraparib) have recently received FDA approval for treating ovarian
cancer. Moreover, earlier in 2017, Niraparib has also been approved for the treatment of fallopian
tube cancer and primary peritoneal cancer. Despite these very exciting progresses in the clinic, the
basic signaling mechanism that connects PARP1 to a diverse array of biological processes is still
poorly understood. This is, in large part, due to the inherent technical difficulty associated with the
analysis of protein PARylation, which is a low-abundance, labile and heterogeneous PTM. The
study of PARylation has been greatly facilitated by the recent advances of mass spectrometry-
based proteomic technologies tailored to the analysis of this modification. In this Perspective, we
discuss these breakthroughs, including their technical development, and applications that provide a
global view of the many biological processes regulated by this important protein modification.

The Life Cycle of Poly-ADP-ribose

ADP-ribosylation is a reversible protein posttranslational modification (PTM) where either
one (mono-ADP-ribosylation) or multiple (poly-ADP-ribosylation) units of ADP-ribose are
attached to a target protein(1-3). ADP-ribosylation can be catalyzed by different enzymes,
including poly-ADP-ribose polymerases (PARPS), bacterial toxins and several NAD*-
dependent Sirtuins(1, 2, 4, 5). These enzymes commonly catalyze the reaction in which the
ADP-ribose group is transferred from the donor cofactor, NAD*, to the acceptor protein(3).
In the case of protein poly-ADP-ribosylation (PARylation) (catalyzed by a number of PARP
family members), once initiated, the chain can be further elongated in both a linear and
branched fashion, generating PAR polymers whose lengths can often reach 200 units (Figure
1)(1). Compared to other common PTMs, a rather unique feature about ADP-ribosylation is
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that this modification can occur on amino acids with diverse side chain chemistry, including
Asp, Glu, Lys, Arg, Cys and Ser(6).

The first PARP family member, PARP1, was cloned in 1987(7-9). Numerous efforts have
now led to the identification of 16 additional members within the PARP family(10-17).
Recent studies have shown that only a subset of the PARPs (i.e. PARP1, PARP2 and
Tankyrases) catalyze protein PARylation. The remaining PARPs either catalyze
MARylation, or are enzymatically inactive(18). Toward this, a unified nomenclature has
been proposed to designate these enzymes as ADP-ribosyltransferases (ARTS) and they are
classified into two sub-families, ARTCs (C2/C3 toxins-like) and ARTDs (bacterial
diphtheria toxin-like)(19). This Perspective article will focus on PARP1 (ARTD1) and
PARP1-dependent downstream signaling events. PARP1 is a bona fide PARylating enzyme,
and is arguably the best studied PARP family member. It is a nuclear protein that is critically
involved in a wide array of biological processes, including DNA damage repair, epigenetic
regulation, transcription, apoptosis, and mMRNA metabolism. In particular, PARP1 and
PARP1-medaited PARylation events are intimately linked to cellular DNA damage response
(DDR)(8, 20). The basal level protein PARylation in a cell is very low, where most PARP1
stays quiescent. However, during genotoxic stress, PARP1 is rapidly recruited to DNA
lesions with a time for half-accumulation (t1/2) of about 1.6 sec(20). Upon binding to nicked
DNA, its catalytic activity can increase up to 500-fold, resulting the synthesis of a large
number of PARylated proteins (including PARP1 itself)(21-23). PARPL1 is also one of the
most abundant polypeptides in the nuclei (e.g. ~2x10% molecules per cell)(24, 25). On
average, one PARP1 molecule is responsible for patrolling approximately 1000 bp of
DNA(26). With these unique features, PARP1 efficiently scans the genome to detect DNA
strand breaks, and then relay these signals downstream to activate a variety of important
biological processes related to DDR (e.g. recruitment of DNA repair machinery and cell
cycle arrest, etc).

PARP1 contains several domains, including three N-terminal Zinc Finger motifs, a BRCT
domain, a WGR domain and a C-terminal catalytic domain. Our understanding of the
function of each of these domains has been greatly facilitated by recent structural and
biochemical studies of PARP1(27, 28). Specifically, the first two Zinc Finger motifs of
PARP1 are critical for the recognition of various DNA structures, including single- and
double-strand breaks, nucleosome linker DNA, etc(29, 30). Furthermore, it has been shown
that binding of PARP1 to a DNA double-strand break (DSB) induces a profound
conformational change, resulting in the remodeling of an inhibitory motif near the catalytic
domain, and hence stimulation of its enzymatic activity(27). Binding of PARP1 to DNA
single strand breaks (SSBs) induces a somewhat different intramolecular conformational
change, which nevertheless is also able to potently activate PARP1(28).

It has been estimated that PARP1 could account for more than 90% of the PAR synthesized
under genotoxic conditions(31). Intriguingly, the half-life of these protein-linked PAR chains
is less than 1 min, suggesting the presence, in intact cells, of an efficient mechanism for
PAR-catabolism(22). Among the various PAR-degrading enzymes, the best studied is Poly-
ADP-ribose glycohydrolase (PARG). PARG possesses both endo- and exo-glycohydrolysis
activity that catalyzes the hydrolysis of the ester bond between ADP-ribose units in a PAR
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chain to generate free ADP-ribose(32). PARG is a highly efficient enzyme that plays a
dominant role in regulating PAR-catabolism. Although PARP1 is much more abundant
compared to PARG (~50-fold more), the catalytic activity of PARG is 20- to 100-fold
higher, resulting a rapid turnover the PAR polymers(26). This temporal control of PAR
metabolism provides a mechanism for tight regulation of PAR-dependent downstream
signaling events (many of these are of a transient nature), including protein-protein
interaction, translocation and sub-organellar structure formation (e.g., stress granules, cajal
bodies)(33-35). As expected, depletion of PARG stabilizes PAR polymers, and greatly
prolongs their half-life(36). Furthermore, deletion of PARG in mice is early embryonic
lethal during the gastrulation stage, a phenotype reminiscent of PARP1/PARPZ double-
knock animals(37, 38). These results also provided additional evidence supporting the
critical role of PARG in regulating PAR homeostasis.

Despite being a highly active enzyme, PARG, however, is unable to remove the terminal
ADP-ribose unit linked to the side chain of an acceptor amino acid (e.g. Asp and Glu)(39).
This function instead is fulfilled by another PAR-degrading enzyme called TARG1/
C60rf130(40). It has been shown that, in the context of PAR-catabolism, TARGL1 is able to
complement PARG, by (1) hydrolyzing the glutamate-ADP-ribose ester bond, and thus
removing the entire PAR chain from a PARylated protein, (2) reversing protein MARylation,
and (3) completing the removal of the terminal ADP-ribose following the PARG
reaction(40). Although the exact mechanism remains unclear, patients with TARG1/
C60RF130 mutations develop severe neurodegeneration. These results suggest that there is
a potential link between defects in the recycling of ADP-ribosylated peptides and cell
death(40). Another type of well-studied enzymes to reverse the mono-ADP-ribosylation is
macrodomain proteins such as MacroD1/2. Besides the catalytic activity targeting acidic
residues, MacroD2 could also bind to mono-ADP-ribose, but not poly-ADP-ribose(41, 42).

In addition to aforementioned catalytic enzymes, a number of studies have identified several
additional enzymes that are also involved in PAR-catabolism. One such enzyme is ARH
(ADP-ribosylhydrolase), which specifically hydrolyzes the chemical bond between the
target amino acid arginine and ADP-ribose(43). ARH3, on the other side, functions similar
to PARG, which digests PAR polymers to release free ADP-ribose(44). Two recent studies
also demonstrated that ARH3 is able to directly remove ADP-ribose that is linked to Ser
residues(45, 46). Several recently identified enzymes process ADP-ribosylation by a
different mechanism, i.e., cleaving the pyrophosphate bonds within an ADP-ribose and
generating peptidyl-ribose-5’-phosphate. These enzymes include proteins with the NUDIX
(nucleoside diphosphate linked to another moiety X) domain, human NUDT16, bacterial
RppH(47, 48), and ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase 1)(49).
Collectively, these enzymes function to ensure a fine control of cellular ADP-ribosylation
homeostasis.

Biological Function of Protein ADP-ribosylation

ADP-ribosylation can dramatically alter the function of an acceptor protein, an effect often
ascribed to the unique biochemical characteristics of this modification (Figure 2). First, from
a structural point of view, PAR resembles DNA and RNA (Figure 1), all of which are bulky,
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charged and flexible. Because each ADP-ribose unit contains two phosphates, PARylation
can lead to a drastic change in the electrostatic property of a protein. As a result, it may
prevent a DNA- or RNA-binding protein from interacting with its nucleic acid targets(50).
Indeed, a significant fraction of DNA damage-induced PAR polymers are linked to PARP1
itself. Automodification of PARP1 results in its dissociation from DNA due to charge
repulsion, which serves an important mechanism to inactivate this enzyme(51). Second,
PARylation often introduces a change in the topological feature of an acceptor protein,
which could disrupt important protein-protein interactions. For example, studies have
pointed p53 as a protein that is PARylated by PARP1 during genotoxic stress. Using site-
directed mutagenesis, it was shown that PARP1 modifies p53 on a number of evolutionarily
conserved Asp/Glu residues (Glu255, Asp256 and Glu268). PARylation of p53 prevents it
from binding to the nuclear export receptor Crm1, promoting the accumulation of p53 in the
nucleus and the activation of p53-mediated check point response(52). Third, ADP-
ribosylation could function as a mechanism to modulate the biochemical activity of an
acceptor protein. This is best illustrated by several bacterial toxins, including diphtheria,
cholera, and pertussis toxins, all of which possess MARYylating activities. Specifically, once
inside the cell, the diphtheria toxin functions by modifying the diphthamide residue of
elongation factor 2 with a single mono-ADP-ribose unit. This event prevents its association
with the mammalian translation machinery, and thus potently blocks protein synthesis(53).

PARylation may also be gain-of-function to serve as a scaffold for recruiting other proteins.
Indeed, a number of PAR-binding motifs (PBMs) have been identified in recent years,
including WWE, PBZ, BRCT, FHA, OB-fold, RRM and macro domain(2). These PBMs are
present in a wide range of proteins involved in DNA damage response, chromatin
remodeling and RNA processing. For example, upon sensing DNA strand breaks, PARP1
modifies itself and those proteins in proximity. These protein-linked PAR polymers recruit a
protein called XRCC1 via binding to its BRCT domain. This then triggers the formation of a
large protein complex involved in the repair of DNA single strand breaks (SSBs)(54). As
another example, it was recently demonstrated that the oligonucleotide/oligosaccharide-
binding (OB)-fold is another PAR binding motif(55). It is present in a number of proteins
involved in DDR, including hSSB1, hSSB2, CTC1 and MEIOB. OB-fold binds tightly (Kq =
150 nM) to the iso-ADP-ribose unit within a PAR polymer, and mediates the early
recruitment of these DDR-related proteins to the sites of DNA damage. In the case of
hSSB1, it was shown that PAR-dependent recruitment is critical for hSSB1-regulated DSB
repair, which likely proceeds via the nonhomologous end joining (NHEJ) pathway(55).

Besides regulating these molecular events, activation of PARP1 is also associated with
important physiological outcomes. Over-stimulation of PARP1 has a profound impact on
NAD* metabolism, which serves as the major pathway for NAD* catabolism. Specifically,
cellular NAD™ concentrations drop to 20% of their normal levels following a mere 15 min of
DNA damage-induced PARP1 activation(56, 57). Depletion of the cellular NAD* pool leads
to forced NAD™ synthesis through the salvage pathway, which dramatically lowers the
cellular ATP level and eventually causes cell death (e.g., necrosis)(1). During apoptosis,
PARP1 is cleaved by activated caspases, generating a 24 kDa DNA-binding domain, and an
89 kDa C-terminal fragment that contains the catalytic domain(58). Because the PARP1 C-
terminal domain is unable to bind to nicked DNA, PARP1 is inactivated, and ATP is thus
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spared for the execution of the apoptotic program. Finally, PARP1 is also known to regulate
another form of programmed cell death called parthanatos(59). During parthanatos, the
accumulation of PAR causes the translocation of apoptosis-inducing factor (AlIF) from
mitochondria to the nucleus(60, 61). Recent studies have shown that AIF is able to bind to a
nuclease called macrophage migration inhibitory factor (MIF). In so doing, AIF recruits
MIF to the nucleus, which cleaves genomic DNA, and eventually leads to parthanatos(62).

Clinical Development of PARPL1 Inhibitors

The observation that PARPL1 is involved in mediating cell stress responses raises the
intriguing possibility that PARP1 could be explored as a potential therapeutic target for
treating human diseases, such as cancer(63). In particular, BRCA1/2 are tumor suppressor
proteins that play a critical role in mediating DNA double-strand break (DSB) repair(64—
66). Mutations of BRCA1/2lead to genome instability, which underlies the pathogenesis of
a significant fraction of breast cancer and ovarian cancer (and to a lesser extent, prostate
cancer and pancreatic cancer)(67-69). BRCA1/2-deficient tumors have an aggressive
phenotype, and these patients often have early onset diseases, and poor prognosis(70-72). In
two landmark studies, it was shown that BRCA1/2-mutated cancer cells are homologous
recombination (HR)-deficient. They rely on PARP1 for genome integrity, and as a result, can
be selectively killed by PARP1 inhibitors via a “synthetic lethality” mechanism(73, 74). The
validity of this synthetic lethality concept is further corroborated by studies which showed
that PARP1 inhibitor (PARPI) resistance can stem from the development of secondary
“revertant” mutations in BRCA1/2that restore the expression of the wild-type BRCA1/2
protein, and then the HR function(75, 76).

In addition, a number of recent studies suggest that PARPi may also kill tumor cells
(BRCA1/2-mutant and beyond) via a “trapping” mechanism(77). Specifically, the binding of
PARP1 to nicked DNA triggers its auto-PARylation. Auto-modified PARP1 is then released
from the site of damaged DNA due to the steric hindrance and charge repulsion of the PAR
polymers. Upon the treatment of PARPi, PARP1 is unable to modify itself. As a result, the
PARP1-inhibitor complex is stabilized and is trapped at the DNA lesion(78). This complex
is highly toxic, which could block the progression of the replication fork, and interfere with
subsequent DNA replication. It has been suggested that the cytotoxicity of at least some of
the PARPI can be ascribed to these trapped PARP1 complexes(78). Consistent with this
notion, PARP1-deleted cells are highly resistant to PARPI, suggesting that the functional
consequence of PARP1 deletion is not equivalent to PARP1 inhibition(77, 78).

These abovementioned studies provided a solid rationale to develop PARPI to treatment
cancer. However, initial efforts to target PARP1 clinically suffered a major setback, due to
the disappointing results of a phase 111 study of Iniparib in metastatic, triple-negative breast
cancer (TNBC)(79). Iniparib was originally designed to act as a covalent inhibitor of
PARP1. However, subsequent studies demonstrated that this compound is not a genuine
PARP1 inhibitor, and it has no activity against PARP1 in vitro, or in intact cells(36, 80, 81).
Other drug discovery programs have focused on developing NAD*-competitive inhibitors of
PARP1 (PARPI)(82-86) (Table 1). Results from these initiatives have turned out to be very
encouraging, with a number of agents gaining FDA-approval, including Olaparib, Rucaparib
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and Niraparib (treating ovarian cancer and beyond)(87-89). It is important to note that even
though many PARPI have been optimized to potently inhibit the catalytic activity of PARPL,
they are not equivalent with respect to inducing PARP1 trapping, a scenario that may explain
the differential cytotoxic effects of these compounds(77). Indeed, new generation of PARPI
(e.g. Talazoparib/BMNG673) with more potent PARP1-trapping activity has been
developed(85).

Although the primary target of these abovementioned compounds is PARP1, additional
PARP family members and other NAD*-utilizing enzymes may share a similar NAD*-
binding pocket, and therefore could also be blocked by these compounds(90, 91). This may
explain some of the off-targets effects observed for these compounds.

Challenges for the Study of PARP downstream signaling

Contrary to the fruitful efforts of characterizing the upstream regulators of PARP1, its
genuine downstream targets remain poorly defined. The best described PARP1 substrates are
confined in the DNA repair pathways, yet recent studies have suggested the involvement of
PARP1 in many other biological processes(92, 93). Mass spectrometry-based proteomic
approaches are powerful tools to study protein posttranslational modifications (PTMs)(94).
However, the application of these systematic approaches to studying PARP1 downstream
signaling has been hampered by many of the intrinsic difficulties associated with the
analysis of this modification(36) (Figure 3): (1) PARylated proteins are of low abundances,
and are rapidly turned over in vivo. (2) During cell lysis, PARP1 could be activated by
sheared DNA, a scenario that introduces artificial PARylation. Similarly, if not properly
inactivated, PAR-catabolizing enzymes (e.g., PARG) could degrade PARylated proteins in
the cell lysis step. (3) Mono- and Poly-ADP-ribose moieties are linked to amino acids with
diverse side chain chemistries. (4) Unlike many other protein modifications (e.g.,
phosphorylation, acetylation and methylation), PARylation is a heterogeneous PTM that
does not possess a defined mass shift. (5) The topology of the PAR polymers is highly
complex. They range from 2 to 200 units, and can be linear and/or branched(1). (6) The
adenosine moiety, pyrophosphate bond and the amino acid linkage are chemically labile.
ADP-ribosylation is also a highly unstable PTM which readily decomposes in conventional
tandem MS conditions, yielding neutral-loss fragments instead of sequence-specific ions(95,
96). (7) A PAR chain can extend to hundreds of ADP-ribose units, with each ADP-ribose
containing two phosphate groups. As a result, PARylated peptides are acidic, and are
difficult to ionize (peptides are typically analyzed by MS using positive ion mode).

In the following section, we will discuss recent progresses on MS-based technologies that
overcome some of these abovementioned challenges. We will also explore how these
approaches help address several important questions in the field of PARP/ADP-ribosylation
biology, including (1) what is the identity of many ADP-ribosylated proteins? (2) If a protein
is ADP-ribosylated, at which residue it is modified? (3) What are the substrates of different
PARPs? (4) How ADP-ribosylation affects these proteins functionally? (5) How these ADP-
ribosylated proteins mediate the signaling output of PARPs?
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Identification of the Constituents of the PARylated Proteome and PAR-

interactome

As an important approach to understanding how PARP1 regulates its downstream signaling
events, affinity purification approaches have been employed to capture PARylated proteins
for their subsequent mass spectrometric (MS) identification. Towards this, a number of
studies have been carried out to characterize the PARP-dependent PARylated proteome
(ensemble of the PARylated proteins) and PAR-interactome (ensemble of the proteins that
interact with PAR)(97-100). These studies utilized different enrichment reagents to isolate
PARylated proteins, including the Af1521 macrodomain, 10H antibody and catalytically
inactive PARG. In order to preserve the interaction between PAR and these abovementioned
affinity enrichment agents, the experiments were commonly performed under non-
denaturing conditions. When interpreting the results from these specific experiments, it is
important to consider the following: First, PARP1 could be activated by sheared DNA during
the cell lysis step, resulting the formation of non-physiological PARylated proteins. This
could be prevented by the addition of PARPL1 inhibitors in cell lysis buffer(97). Second, the
hits identified from these studies likely include not only the PARylated protein (PARylated
proteome), but also additional proteins that interact with these hits in a PAR dependent- or
independent-manner (PAR-interactome), under these native conditions. Third, these studies
identified both overlapping and distinct hits, owing to the unequal binding affinities and
specificities of these abovementioned PAR-enrichment agents(101).

Dani et al., employed the Af1521 macrodomain combined with shotgun proteomics
experiments to characterize the cellular mono-ADP-ribosylated proteins(98) (Table 2). In
these experiments, they demonstrated that the Af1521 macrodomain (mAf1521) binds
tightly to not only free ADP-ribose (Kd = 0.13 uM), but also ADP-ribose attached to an
acceptor protein. Another unique feature about mAf1521 is that this protein domain is able
to bind to ADP-ribose conjugated to different amino acids, including Arg, Cys and
diphthamide, indicating the recognition of the ADP-ribose is unaffected by the amino acid
side chain chemistry. Dani et al., was able to increase the specificity of mAf1521 by
employing a “two-step” enrichment strategy. Postnuclear and membrane fractions were first
subjected to pull-down using mAf1521/G42E (an mAf1521 mutation that abolishes ADP-
ribose binding), which eliminates the non-specifically bound proteins. The flow-through
fraction was then incubated, in the second step, with wide-type mAf1521 to specifically
isolate the ADP-ribosylated proteins. Combined with shotgun proteomic analysis, this
strategy allows the identification of a number of ADP-ribosylated proteins that are involved
in regulating cytoskeleton, cell metabolism and mRNA splicing. Because these experiments
were performed under basal conditions (without the treatment of genotoxic agents), most of
the identified hits were mono-ADP-ribosylated (MARYylated) proteins(98).

mATf1521 is known to bind to not only mono-ADP-ribose, but also poly-ADP-ribose. This
property has been exploited for the enrichment of ADP-ribosylated proteins from cells that
have been exposed to genotoxic agents. Indeed, Jungmichel et al., used various DNA
damaging agents, including H,O,, MMS, UV radiation and ionizing radiation to activate
PARP1, and then used mAf1521 to isolate ADP-ribosylated proteins for their subsequent
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mass spectrometry identification (both PARylated proteome as well as PAR-interactome)
(97). Of note, both PARP1 inhibitors and PARG inhibitors were included the lysis buffer to
prevent the non-physiological introduction and removal of PAR chains during the cell lysis
step. Jungmichel et al., were able to identify a total of 235 proteins that belong to the
PARylated proteome and/or PAR interactome. More than 70% of the identified hits were
nuclear proteins, a finding consistent with the notion that the majority of the PARylated
proteins generated under genotoxic stress are mediated by PARP1, which itself is a nuclear
protein. In a separate study, Gagné et al., used mAf1521 together with two other PAR-
binding agents (i.e., 10H antibody and catalytically inactive PARG) to isolate the PARylated
proteome and PAR interactome from cells that have been treated with a DNA-alkylating
agents, MNNG(99). Intriguingly, it was found in these experiments that a significant fraction
of the PARylated proteins were commonly identified in both the mAf1521 and PARG
catalytically dead mutant pulldown samples (PARG also uses a macrodomain to bind to
PARylated proteins). In contrast, the hits identified from the 10H enriched fraction contained
more distinct proteins (e.g., mitochondrial proteins), a finding that can, at least in part, be
ascribed to the superior affinity of the 10H antibody to longer PAR polymers (i.e., more than
20 ADP-ribose units)(99). Of note, a recent study showed that mAf1521 possesses intrinsic
catalytic activity that cleaves protein-ADP-ribose linkages(41). This issue can be overcome,
however, by performing the enrichment step at low temperature conditions (4 °C) (102).

One common theme that emerged from these proteome-wide studies is that PARylated
proteins and PAR-binding proteins are involved in not only the canonical DNA damage
response, but also many other important biological processes, including transcription
control, RNA metabolism and epigenetic regulation. Further hypothesis-driven research is
needed to elucidate the detailed mechanism by which PARP1 regulates these signaling
events. In addition, it is currently unknown whether some of these proteins bind to PAR with
specific topology. We expect that a more complete understanding of the PAR-interactome
will be obtained by using structurally defined PAR chains. Finally, besides nicked DNA,
PARP1 could also be activated by other stimuli. For example, PARP1 can be activated by
binding to phosphorylated ERK?2, an event that further promotes ERK2-catlayzed
phosphorylation of the transcription factor EIk1(103). It is therefore important to also
characterize the PARylated proteome in unstressed cells, and study how PARP1 is linked to
additional biological processes through modulating the PAR-interaction network.

Site-specific Characterization of the ADP-ribosylated Proteome

After a PARylated protein is identified, the exact attachment site becomes the next question.
This turns out to be a major challenge, again because of the heterogeneous, low-abundance
and labile nature of this modification. Furthermore, many amino acids have been shown to
be ADP-ribosylated, including Asp/Glu, Ser/Thr, Lys, Arg, Asn, Cys and diphthamide(36,
96, 102, 104-107). These side chain chemistries can be broadly divided into three groups,
i.e. N-glycosides (i.e., Lys, Arg, diphthamide and Asn), O-glycosides (i.e., Asp/Glu and Ser/
Thr) and others (i.e., Cys). Because of their distinct characteristics (e.g., chemical stability to
NH,OH and alkali)(107), it has become clear that different methodologies are required for
their optimal analysis. For example, the ester bond between Asp/Glu and ADP-ribose is
highly sensitive to NH,OH. In contrast, ADP-ribose that is conjugated to Ser/Thr/Tyr is
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resistant to NH,OH treatment(108). Also ADP-ribosylation events in the N-glycoside group
are in general resistant to this compound(107), although it has been suggested that ADP-
ribose-conjugated to Arg can be slowly released upon NH,OH treatment(108). Several
recent studies suggest that Asp/Glu-ADP-ribosylation represents a major form of cellular
ADP-ribosylation, at least under H,O, treatment conditions. For example, using the NH,OH
derivatization method (see discussion below), Zhang et al., previously showed that GAR1, a
protein involved in ribosome biogenesis and telomere maintenance, is PARylated at several
Asp/Glu residues. Mutation of these residues completely abolishes its PARylation in an in
vitro PARylation assay, suggesting that these sites are the major PAR-acceptor residues for
this protein(36). As one of the most abundant ADP-ribosylated proteins in the cell, Karch et
alfound that a major fraction of histone proteins are modified by PARP1 on Asp/Glu,
because NH,OH treatment nearly abolishes the PAR signal(109). In another study, Kraus lab
developed various immunological reagents that recognize different forms of ADP-
ribosylation (i.e., mono-, oligo- and poly-). They demonstrated that NH,OH could eliminate
all forms of ADP-ribosylation signals in HoO,-treated HeL a cells(110). Finally, Zhen et al
recently showed that the proteomic profile of D/E-ADP-ribosylation among various HyO»-
treated breast (cancer) cell lines is very similar to the total PAR pattern detected by an
immunoblotting assay, suggesting that D/E-ADP-ribosylation contributes to a major fraction
of cellular PARylation under these conditions(111).

Biochemical studies have led to the identification of PARYylation sites in several proteins,
including histone H1, histone H2B, seminal ribonuclease and p53, with 1-4 modification
sites pinpointed in each case(52, 112-114). However, these efforts were generally limited to
traditional methods of amino acid sequencing coupled to in vitro PARylation reaction. Using
ADP-ribosylated peptides and auto-modified PARP1 as model systems, mass spectrometry-
based studies have tackled the labile and heterogeneous nature of PARylation. For example,
in order to address the structural heterogeneity of PAR, Tao et al., used a PARP1 mutant
(E9880Q) that catalyzes only MARylation, but not PARylation. By using LC-MS/MS
experiments, they pinpointed three PARP1 ADP-ribosylation sites, namely D387, E488 and
E491 that cluster in/near its BRCT domain(115). In another study, Chapman et al., reduced
the complexity of PAR by treating automodified PARP1 with phosphodiesterase (PDE).
PDE cleaves the pyrophosphate bond within ADP-ribose, thereby converting a PARylated
peptide into a peptide modified with a terminal ribose-5"-phosphate. Subsequent tandem MS
experiments using CID (collision-induced fragmentation) produced sufficient fragment ions
that led to the identification of eight novel automodification sites on PARP1(116).

In more recent years, several streamlined approaches have been developed for the site-
specific analysis of the mammalian ADP-ribosylated proteome. The design of these
strategies contains a number of common modules: (1) lysis procedures that preserve native
PARylation. (2) affinity enrichment methods that allow the isolation of PARylated peptides/
proteins. (3) chemical or enzymatic methods that convert a PAR polymer into a small mass
tag that is more suitable for subsequent MS analysis. In so doing, the treatment also
effectively reduces the negative charges on the modified peptide, and facilitates its
ionization. Furthermore, in certain cases, this mass tag itself might also be used as an affinity
handle for the isolation and enrichment of the modified peptides. (4) Optimized MS2 and
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bioinformatic procedures for sequencing the peptides, and identifying the ADP-ribosylation
sites.

As an example, Zhang et al., developed an integrated approach towards the site-specific
analysis of the cellular Asp-/Glu-ADP-ribosylated proteome(36). In this method, cells are
lysed using an SDS buffer to inactivate PAR-metabolizing enzymes. PARylated peptides are
enriched by boronate affinity chromatography (boron forms ester bonds with the 1,2-cis-diol
moiety in ADP-ribose). Because boronate beads are chemically stable, harsh washing
conditions (e.g., SDS buffer) can be applied to remove the non-specifically bound peptides.
The Asp-/Glu-ADP-ribosylated peptides are eluted using NH,OH treatment, during which
an ADP-ribosylated Asp/Glu residue is converted into a hydroxamic acid derivative.
Compared to PARYylation, the hydroxamic acid is a mass tag that is amenable to subsequent
MS experiments: (1) it has a defined mass shift (+15.0109 Da). (2) it is very stable, and
hence can be analyzed on any mass spectrometers with conventional tandem MS capabilities
(e.g. collision-induced dissociation). (3) the hydroxamic acid is a small moiety that does not
suppress the ionization of modified peptides. Zhang et al., were able to identify a total of
1,048 unique, unambiguously assigned Asp/Glu-ADP-ribosylation sites on 340 proteins.
Based on the identified sites, they were able to extract a number of PARylation motifs,
including PXE*, E*P, PXXE* and E*XXG. Even though PARYylation can occur on a variety
of amino acids (see more discussion below), they do not seem to be randomly modified,
because some of these modified residues are highly conserved from an evolution point of
view. In keeping with PARP1 being a nuclear polypeptide, these modified proteins are
involved in a wide array of nuclear biological processes, including DNA damage repair,
transcription regulation, epigenetic control and mRNA metabolism.

In the second method, Daniels et al., treated PARYylated peptides with phosphodiesterase
(PDE) or Nudix hydrolases to convert a PARylated peptide into a peptide modified with a
terminal ribose-5"-phosphate(47, 117). The ribose-5"-phosphate moiety is a dual-function
tag. First, because it contains a phosphate group, it can be used as an affinity handle to
isolate the modified peptides using established strategies for phosphopeptide enrichment
(e.g., IMAC and TiO, beads)(118). Second, it has a defined mass shift (212 Da) that is more
amenable to the subsequent MS analysis.

Using a method involving Nudix hydrolase digestion, IMAC enrichment and ETD (electron
transfer dissociation) fragmentation (119), Leidecker was able to identify 12 unique ADP-
ribosylation sites in human cancer cells, and report Ser as a new acceptor amino acid of
ADP-ribosylation. Furthermore, these modified Ser residues often have a preceding Lys,
serving as a potential motif for Ser-ADP-ribosylation (120). Alternatively, PARylated
peptides can also be treated with PARG, which converts PAR polymers into a MAR unit that
remains conjugated to the peptide. These MARylated peptides can be isolated by the Af1521
protein domain. Using LC-MS/MS experiments, more than 900 modification sites were
identified in mammalian cells and liver samples. Intriguingly, it was found that Lys residues
were the dominant ADP-ribosylation site during oxidative stress, whereas Arg represents the
major acceptor residue in the liver(102). A detailed comparison of these methodologies is
summarized in Table 2.
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One important but poorly addressed question is whether there are mechanisms, under
specific cellular conditions, that regulate different patterns of ADP-ribosylation, including
amino acid acceptor, mono vs. poly, etc. Various lines of evidence support Asp/Glu as the
major acceptor of ADP-ribosylation under H,O,-treated condition, whereas it has been
shown that a large fraction of ADP-ribose is linked to arginine in normal liver samples(102).
For histone proteins, Ahel and Matic groups found that Ser represents another ADP-
ribosylation residue. Importantly, these modification events are dramatically increased when
cells are exposed to H,O», indicating that histone Ser ADP-ribosylation responds to DNA
damage(120). More recently, they showed that Ser-ADP-ribosylation is regulated by a
protein called HPF1 (histone PARylation factor 1). Specifically, the addition of HPF-1 to
PARP1/2-mediated in vitro PARylation reaction is able to induce Ser-ADP-ribosylation of
histones and PARP1(121). These results point to the intriguing question of whether there are
additional regulatory factors that determine the amino acid specificity of ADP-ribosylation.

As an extremely unstable PTM, it is obvious that an optimized MS2 sequencing strategy is
the key to the successful analysis of ADP-ribosylation sites. Early efforts of using the
canonical collision-induced dissociation (CID) methods to sequence an ADP-ribosylated
generally failed(95). In CID, peptides collide with noble gas, during which their kinetic
energy is converted to internal energy. Because it is a slow fragmentation technique, the
internal energy is distributed and channeled towards the weakest linkage in the molecule,
leading to its breakage(122). The pyrophosphate bond, adenine moiety and amino acid side-
chain linkage within ADP-ribose are much more labile than the peptide backbone. As a
result, CID analysis of ADP-ribosylated peptides typically leads to the degradation of the
ADP-ribose unit without releasing useful sequence specific ions. For HCD (higher energy
collisional dissociation), even though the decomposition of ADP-ribose could yield
diagnostic ions indicating the presence of an ADP-ribosylated peptide, the breakage of the
amino acid-ADP-ribose linkage still occurs(106). More recently, several fragmentation
techniques, including electron-transfer dissociation (ETD), have been developed that
specifically target the peptide backbone(123). These gentler tandem MS approaches have
been successfully used to sequence certain ADP-ribosylated peptides. However, compared to
CID, ETD has several notable drawbacks, including low sensitivity and charge-state
dependence(120). Furthermore, it is important to recognize that the stability of the linkage
between ADP-ribose and various amino acids differs dramatically. For example, while the
N-glycosidic bond between Arg and ADP-ribose is remarkably stable during tandem MS
analyses, the linkage between Glu and ADP-ribose is much more labile(96). Whether all
types of ADP-ribosylated amino acids can equally survive in ETD (or other tandem MS
conditions) is unknown. Because the identification of an ADP-ribosylation site is dependent
on detecting an intact ADP-ribose moiety on that residue, this stability issue could introduce
potential bias, and cause an unequal representation of the modified residues(96). A
systematic comparison of the stability of the various ADP-ribose-amino acid linkages (e.g.,
Asp, Glu, Arg, Lys and Ser, etc.) under different tandem MS conditions (i.e., CID, HCD and
ETD) using molecularly-defined standards will be highly informative to understand the bias
and limitation of each MS2 method. In this regard, Asp/Glu-ADP-ribosylated peptides can
be treated with NH,OH to generate the hydroxamic acid derivative, which is stable, and is
compatible with conventional CID(36, 111). However, this method is limited to Asp/Glu-
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ADP-ribosylation. Finally, many potential ADP-ribosylation sites tend to cluster in the
primary sequence, which lead to the formation of sequence-specific ions with only subtle
differences. It is imperative to generate high quality MS2 spectra, and use algorithms
optimized for PTM site-assignment to confidently and unambiguously pinpoint the ADP-
ribosylation sites. With the advent of improved MS and bioinformatic strategies, we have the
reason to believe that additional unknown target sites will be discovered.

The abovementioned chemical and enzymatic treatments, however, will invariably lead to
the loss of the topological information encoded in the PAR polymers, an issue reminiscent of
the analysis of other polymeric and heterogeneous protein modifications (e.g. glycosylation
and ubiquitination). Improved methods that allow the comprehensive analysis of both the
modification site on proteins, as well as the structure features of PAR itself will provide
additional insights that are critical towards understanding the potential functional role of this
modification.

Functional Interrogation of the Downstream Signaling Network of PARPs

With many of ADP-ribosylation sites identified, researchers are now able to use classical
biochemical and cell biological methods (e.g. site-directed mutagenesis) to address the
functional role of this modification in a site-specific manner. For example, Li et al., showed
that ADP-ribosylation of PTEN is mediated by a PARP called tankyrase, and the function of
ADP-ribosylation is to regulate the stability of PTEN(124). Furthermore, as an important
step towards the functional study of the PARP downstream signaling network, mass
spectrometry technologies can be applied, in a quantitative fashion, to characterize the
remodeling of the ADP-ribosylated proteome upon specific perturbation (e.g., DNA damage
or PARP1 inhibitor treatment)(36, 102, 125).

Recent progresses in the development of new methods, including PAR-detection reagents,
chemical genetic approaches, and ADP-ribosylation-specific genomic assays, have greatly
facilitated the functional interpretation of the downstream signaling network of PARP.
Because all the PARPs use NAD+ as the cofactor to catalyze ADP-ribosylation, one
important question relates to what is the substrate specificity of these various PARP family
members. To address this, a bump-and-hole approach could be used where an orthogonal
NAD-+ variant can specifically bind to engineered PARPs but not wild-type counterparts,
which allows the affinity purification of the modified proteins(126, 127). Gibson et al.,
developed an NAD+ analog-sensitive approach that allows the identification of the proteome
and genome targets of specific PARP family members(127). They were able to pinpoint
hundreds of ADP-ribosylation sites on substrate proteins of PARP1, PARP2 and PARP3.
Furthermore, they followed the site-specific function of ADP-ribosylation on NELF
(negative elongation factor), which is a protein complex that plays a critical role in the
negative regulation of transcription elongation via pausing RNA polymerase 11 (Pol I1).
Intriguingly, it was found ADP-ribosylation of NELF-E hampers its binding to RNA, and
then inhibits the pausing ability.

It has been well recognized that DNA strand breaks are potent activators of PARP1.
However, the mechanisms of how PARP1 activity is regulated in vivo and how this affects
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the context-dependent PARP1 signaling are poorly understood. Using the hydroxylamine
chemistry, Zhen et al., recently performed global characterization of the Asp/Glu-ADP-
ribosylated proteome in a panel of cell lines, including benign breast epithelial cells, as well
as cells derived from common subtypes of breast cancer(111). Despite similar expression
levels, PARP1 is differentially activated in these breast (cancer) cells in response to H,0,
treatment. Furthermore, many proteins are modified by PARP1 in a cell-specific manner,
including those involved in transcription, mMRNA splicing and protein synthesis. In
particular, PARP1 targets in MDA-MB-468 cells are enriched with ribosomal proteins. A
number of these PARylation sites are located at the interface between the 40S and 60S
ribosomal subunits, pointing to the intriguing possibility that PARylation could interfere
with the assembly of ribosomal particles, and thereby regulate protein translation during
genotoxic stress.

Finally, characterization of ADP-ribosylation at the site level opens up new lines of
understanding of its crosstalk with other PTMs. One notable example is the histone proteins,
which can be modified by a variety of PTMs, including phosphorylation, ubiquitination,
NEDDylation, SUMOylation, methylation, acetylation and ADP-ribosylation(128). Indeed,
it has been shown that among the 12 Ser-ADP-ribosylation sites on histones, six of them can
also undergo phosphorylation(120). It is conceivable that as one or more of these Ser
residues become ADP-ribosylated, that can prevent them from being phosphorylated, a
scenario reminiscent of the antagonism between Ser phosphorylation and O-GIcNAc
modification(129). Similarly, ADP-ribosylation of Lys could block other PTMs on Lys,
including ubiquitination, acetylation and methylation. The functional consequence of these
potential crosstalk mechanisms obviously warrants future investigation.

Conclusions and perspectives

The fundamental understanding of PARP biology has been facilitated by technological
advances that allow the characterization of the ADP-ribosylated proteome in a global,
quantitative and site-specific manner. These studies have provided promising candidate
PARP targets that connect PARP to the many biological processes regulated by this
important family of proteins. Further technological progress will clearly be required in order
to answer additional questions, including differentiating PARylated vs. MARylated proteins,
dissecting the topology of protein-linked PAR chains, and elucidating the spatial-temporal
regulation of ADP-ribosylation sites, etc. It is expected that these data sets will serve as an
invaluable resource, which will seed future hypothesis-driven research that helps delineate
the signaling and functional properties of this therapeutically important protein modification.
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Metabolism of Poly-ADP-ribose. A number of enzymes are involved in degrading PAR,
with two representative ones (PARG and TARG) shown in the Figure.
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Figure 2.

Potential biological function of protein Poly-ADP-ribosylation.
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* Difficult to ionize

Challenges for mass spectrometric analysis of protein Poly-ADP-ribosylation. A
representative side chain linkage (Asp-/Glu-ADP-Ribosylation) is shown.
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Table 1

Characteristics of PARP 1 inhibitors in clinical development.
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PARP1 inhibitor Company 1C50 (nm) Route | Clinical trial (phase)
1 Germline BRCA-mutated advanced ovarian cancer
(approved);
Olaparib (AzD-2281) |  Astraz PARP1=S.0 1 oral , gt
aparib ( -2281) strazeneca PARP2=1.0 ra 2 Maintenance treatment for recurrent epithelial ovarian,
fallopian tube, or primary peritoneal cancer (approved)
1 Deleterious BRCA mutation (germline and/or somatic)
. . associated advanced ovarian cancer (approved);
Rucaparib Clovis Oncology | PARP1=1.4 Oral . . )
2 Metastatic castration-resistant prostate cancer (111)
1 Maintenance treatment for recurrent epithelial ovarian,
- fallopian tube, or primary peritoneal cancer (approved);
Niraparib Tesaro Eﬁgg%_‘;’? Oral
- 2 Platinum sensitive ovarian cancer (I11)
1 Recurrent stage 1V squamous cell lung cancer (11/111);
Talazoparib Pfizer PARP1=0.57 Oral 2 Men With DNA repair defects and metastatic castration-
resistant prostate cancer (I1)
1 Metastatic pancreatic cancer (l1);
Veli - . PARP1=5.2 inle- H d/ ian-
eliparib (ABT-888) Abbvie PARP2=2 9 Oral 2 Stage IV triple-negative and/or BRCA mutation

associated breast cancer (I1)
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Table 2

Page 26

Summary of the different MS methodologies for the analysis of the ADP-ribosylated proteome. (site) indicates
the studies where ADP-ribosylation site information is obtained. CID, collision-induced dissociation; HCD,
higher-energy collisional dissociation; ETD, electron transfer dissociation; ETcaD, electron-transfer
dissociation with supplemental collisional activation; EThcD, electron-transfer/higher-energy collision

dissociation.

Affinity purification

Binding Specificity

Fragmentation M S2

Reference

Af1521 macrodomain Bind to both mono- and poly-ADP-ribose CID Dani et al., 2009
Af1521 macrodomain Bind to both mono- and poly-ADP-ribose HCD Jungm;%%egl etal,
10H antibody Bind to poly-ADP-ribose (only units >10) CID Gagné et al., 2008
PARG-DEAD é}co\alt?aé);tically inactive Bind to poly-ADP-ribose CID Gagné et al., 2012
IMAC For phosphopeptide enrichment CID (site) Chapman et al., 2013
IMAC For phosphopeptide enrichment CID/HCD (site) Daniels et al., 2014

Boron forms ester bonds with the 1,2-cis-diol

Boronate affinity chromatography moiety in ADP-ribose; Asp-/Glu-ADP-ribose CID (site) Zhang et al., 2013
converted to hydroxamic acid
IMAC For phosphopeptide enrichment ETD (site) Leidecker etal,

2016

Af1521 macrodomain

Bind to both mono- and poly-ADP-ribose

HCDJ/ETD (site)

Martello et al., 2016

Af1521 macrodomain

Bind to both mono- and poly-ADP-ribose

HCD/ETcaD/EThcD (site)

Bilan et al., 2017
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