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SUMMARY

PARPs catalyze ADP-ribosylation—a post-translational modification that plays crucial roles in
biological processes, including DNA repair, transcription, immune regulation, and condensate
formation. ADP-ribosylation can be added to a wide range of amino acids with varying lengths
and chemical structures, making it a complex and diverse modification. Despite this complexity,
significant progress has been made in developing chemical biology methods to analyze ADP-
ribosylated molecules and their binding proteins on a proteome-wide scale. Additionally, high-
throughput assays have been developed to measure the activity of enzymes that add or remove
ADP-ribosylation, leading to the development of inhibitors and new avenues for therapy. Real-
time monitoring of ADP-ribosylation dynamics can be achieved using genetically encoded
reporters, and next-generation detection reagents have improved the precision of immunoassays
for specific forms of ADP-ribosylation. Further development and refinement of these tools will
continue to advance our understanding of the functions and mechanisms of ADP-ribosylation in
health and disease.
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Dasovich and Leung’s review highlights the latest technical advances in characterizing ADP-
ribosylation, such as identifying ADP-ribosylated proteins and sites, utilizing NAD* analogs to
determine PARP substrate specificity, using chemical probes to identify the ADP-ribose binding
proteome, and monitoring ADP-ribosylation dynamics both in vitro and in vivo.
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BACKGROUND

Post-translational modifications are ideally suited for rapid responses to the environment
by using the chemistry of ubiquitous metabolites, suc h as ATP, Acetyl-CoA, and

NAD", to alter protein function. Without the need to synthesize new molecules, protein
modifications can be initiated immediately. An example is ADP-ribosylation, an NAD*-
dependent protein modification best known for its role in the DNA damage response.
DNA damage-dependent ADP-ribosylation is catalyzed by PARP1, an abundant nuclear
protein associated with chromatin.! Once a DNA strand break occurs, PARP1 rapidly (~1 s)
binds the break, activating the enzyme by opening its NAD*-binding pocket.2 PARP1 then
uses NAD™* to ADP-ribosylate proteins in the vicinity of the DNA break, which initiates

a signaling cascade that repairs DNA. While ADP-ribosylation research has historically
focused on PARP1 and DNA repair, humans express 16 additional PARPs of emerging
biological importance and therapeutic relevance. ADP-ribosylation also plays critical roles
in functions unrelated to DNA repair, such as RNA metabolism, protein turnover, and the
immune response. PARP inhibitors have been FDA-approved for treating multiple cancers,
and pre-clinical data support their use in immune-related diseases, viral infection, and
neurodegeneration. Due to intense medical interest over the last two decades, an expanded
toolkit is now available for studying ADP-ribosylation with chemical precision. Here, we
review the chemical and regulatory complexity of ADP-ribosylation, then delve into the
molecular tools developed to uncover its substrates, binding partners, and dynamics.

The Chemical Complexity of ADP-ribosylation

The genetic fingerprints of ADP-ribosylation are found across all kingdoms of life and
viruses, with enzymes ADP-ribosylating proteins, small molecules, DNA, and RNA.3
This review focuses on protein ADP-ribosylation catalyzed by human PARPs, though
there are other “writer” enzymes that add this modification, including sirtuins, bacterial
toxins, and ecto-enzymes.# PARPs contain the eponymous catalytic domain responsible
for ADP-ribose transfer (Figure 1A). PARP domains are found in all six eukaryotic
supergroups and knockout of PARPs 1/2 or PARPs 5a/b causes embryonic lethality in mice,
hinting that PARPs have conserved and essential functions in eukaryotes.>~’ In humans,
PARPs represent the largest group of NAD*-consuming enzymes and can use almost

any nucleophilic amino acid (CDEHKRSTY) as acceptor sites for ADP-ribosylation,®
encompassing diverse functional groups from sulfides and ethers to ketoamines and esters
(Figure 1B). Mass spectrometry analyses suggest that PARPs display promiscuity. For
example, PARP7 modifies C, D, and E in cells and PARP11 ADP-ribosylates C, D, E, and
K in an /n vitroreaction (Figure 1B).%-11 However, sites identified from /n vitro reactions
should be interpreted with caution,!! as it is now apparent that PARPs do not always act
alone, and instead form complexes with accessory proteins that regulate PARP activity and
specificity in cells (e.g., HPF1, discussed below).

The seventeen human PARPs distinguish themselves with several accessory domains that
regulate their functions.1? Notably, most PARPs (except for 5a/b, 6, 8, and 16) contain

one or more DNA-, RNA-, and/or ADPr-binding domains, suggesting a direct link between
nucleic acid metabolism and PARP-mediated ADP-ribosylation (Figure 2). Many PARPs
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are transcriptionally regulated by interferon,3 and PARP activity can be altered by NAD*
availability, nucleic acid binding, and accessory factors. For example, regulation of PARP
activity can be achieved through NAD* synthesis by nicotinamide adenylyl transferases
(NMNATs 1-3), which are localized to different subcellular locations and control the NAD*
concentration in specific compartments.14 PARP activity can also be tuned by their nucleic
acid or protein partners. PARP1 can be activated by nucleic acids (e.g., DNA strand breaks
or small nucleolar RNAS), and it can perform catalysis on its own or in complex with

either NMNAT1 or histone PARylation factor (HPF1).15-18 Each one of these ternary
nucleic acid—-PARP1-accessory factor complexes targets different proteins, and in the case
of PARP1/HPF1, switching the specificity to Ser.1°

The Structural Complexity of ADP-ribosylation

Adding to this complexity, PARPs 1, 2, 5a, and 5b can synthesize ADP-ribose—ADP-ribose
bonds to create poly(ADP-ribose) (PAR). Polymers as large as ~200 units have been
reported in cells treated with high concentrations of DNA-damaging agents,20 while a
sizable population of PAR oligomers between 2 and 20 units is detected in more biologically
relevant conditions.21-23 PAR can also have branch points every 20-30 ADPr units.24

The potential for ADP-ribose modifications on nine different amino acids, combined with
the possibility of mono-, oligo-, or poly(ADP-ribose), results in hundreds of possible
structures. Therefore, ADP-ribosylation is grouped with other complex post-translational
modifications, such as glycosylation and ubiquitination, that have been historically difficult
to characterize.2526

The length of the ADP-ribosylation is tightly regulated by opposing classes of enzymes and
cofactors.1227 PAR is primarily degraded by PAR glycohydrolase (PARG).28 While PARP
activity is activated by stress, PARG is constitutively active, keeping PAR concentration low
under most circumstances. PARG knockout increases DNA breaks and causes embryonic
lethality in mice.2%:30 Therefore, the proper dynamics of PARylation—both synthesis and
degradation—are critical for DNA repair and cell survival. Interestingly, human PARG does
not cleave the ADPr-protein bond. The final mono(ADP-ribose) (MAR) is instead left for
several eraser enzymes, each with a preference for specific ADPr-protein linkages (Figure
1B). The eraser specificity reveals a possible regulatory mechanism where the half-life of
the modification depends on the conjugated amino acid. For example, MAR on Asp and Glu
have a half-life of <1 hour in cells, whereas MAR on Cys persists for several hours.10

The structural diversity of ADP-ribosylation is broadly categorized as MAR or PAR (Figure
1A). It was previously thought that PAR was the most abundant form in cells, but recent
studies have suggested that MAR is more common, even after DNA damage.31:32 However,
PAR is observed upon PARG knockdown, suggesting some proteins are initially modified
with PAR, then PARG rapidly trims the polymer to MAR.3! In situations unrelated to DNA
damage (e.g., proteotoxic stress), MARylation may be the most abundant form.33 Consistent
with this premise, most PARPs appear to exclusively synthesize MARyation when incubated
with NAD* in vitro.1* Mirroring the stepwise process of PAR removal, a MARylating PARP
could transfer the first ADP-ribose, then a second PARylating PARP could add additional
ADPr. In this model, a MAR-PAR equilibrium could exist at a single ADP-ribosylation site,
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regulated by the relative concentrations and rates of PARPs, PARG, MAR-erasing enzymes,
and NAD* (Figure 1A). Accessory factors can also influence the structure of ADPr
modifications; PARP1 alone synthesizes PAR, whereas the PARP1/HPF1 complex reduces
the ADPr length to primarily MAR.34-38 Notably, unrestrained Ser MARylation induced by
ARH3 knockout is viable, yet unrestrained PARylation through additional PARG inhibition
is acutely toxic.3? Taken together, these data suggest that MAR and PAR are discrete
signaling molecules with profoundly different consequences for cellular function. Detection
reagents that differentiate between MAR and PAR have been invented recently.314041 As
detection technologies improve, we may uncover the biological significance and mechanism
behind the balance between MAR and PAR.

This review will summarize current techniques for teasing apart the molecular details

of PARP-related processes, including proteomic methods for identifying ADP-ribosylated
proteins, sites, and non-covalent ADPr-protein interactions, as well as the development
of detection reagents, small molecule inhibitors, and genetically encoded reporters for
monitoring ADP-ribosylation dynamics in living cells.

TECHNIQUES FOR IDENTIFYING ADP-RIBOSYLATED PROTEINS AND

SITES

Large-scale proteomic studies of phosphorylation and acetylation have been essential for
establishing the function of specific sites and delineating their roles in diseases.42:43
Analyzing ADP-ribosylation to a similar depth has proved challenging due to its chemical
heterogeneity and low abundance. However, several methods have recently been developed
that overcame these challenges and revealed thousands of ADP-ribosylated proteins and
sites.

Key techniques to identify ADP-ribosylation sites

Enrichment—The classic ADP-ribose enrichment method uses boronate agarose to
covalently bind cisdiols on ribose at alkaline p/ (Figure 3). This method successfully
identified thousands of ADP-ribosylated proteins in breast cancer cell lines.#44> Boronate
enrichment has the potential to be highly effective in identifying peptides modified with

long PAR, thanks to the increased avidity from the higher number of c/s-diols. To further
enrich PARylated sites, PARG may be knocked down to boost the amount and length of PAR
modifications for analyses.

Another enrichment method relies on the archaeal Af1521 macrodomain (Figure 3),46 a
protein that binds to MAR and the terminal ADPr of PAR.37 This enrichment is robust,

with multiple labs reporting hundreds to thousands of ADP-ribosylated proteins and
sites.847-50 Af1521 enrichment was recently bolstered by protein engineering to increase
the macrodomain-ADPr affinity to low nM.>0 However, the Af1521 macrodomain is also an
eraser capable of removing MAR at Asp and Glu.5! Therefore, it is important to mitigate

the hydrolysis by performing enrichment at 4°C.4° Despite the inherent differences between
boronate and macrodomain enrichment, a direct comparison revealed that the majority of the
ADP-ribosylated proteins are identified by both techniques.32
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The final method discussed here is mediated through enzymatic labeling of terminal
ADP-ribose (ELTA,; Figure 3). This method relies on oligoadenylate synthase 1, a human
protein that polymerizes ATP into 2’-5’ oligoadenylate as part of the immune response.>2
OAS1 can efficiently add a variety of ATP analogs to ADP-ribose,>3 and using 2’-dATP
prevents oligoadenylation to allow attachment of a single analog to ADP-ribosylated
molecules.3* To identify ADP-ribosylation sites, ELTA labels ADP-ribosylated peptides
with N6-azido-dATP, followed by enrichment on dibenzocyclooctyne-agarose via copper-
free click chemistry. With this method, as little as 1 fmol of modified peptide can be detected
in cell lysates, and hundreds of ADP-ribosylated proteins were identified. The diversity
of these sites and the surrounding sequences can be enhanced by varying the ion-pairing
reagents used during solid-phase extraction of tryptic peptides.>*

Derivatization—Once ADP-ribosylated peptides are enriched, the next step is to simplify
the chemical complexity of ADP-ribosylation for site identification. Variable lengths of
PAR on ADP-ribosylated peptides complicate mass spectra interpretation, and their negative
charges make them difficult to analyze with the positive ion mode routinely used for
proteomics. To circumvent these issues, a chemical or enzymatic reaction is used to
derivatize the ensemble of ADPr modifications into a single, defined mass (Figure 3).
Hydroxylamine reacts with the Asp/Glu-ADPr ester bond, replacing MAR and PAR
modifications with hydroxamic acid.**4> Hydroxamic acid is a stable, neutrally charged
modification that can be sequenced with fragmentation methods such as higherenergy
collisional dissociation (HCD). However, hydroxylamine can only identify Asp/Glu-ADPr
and may react with unmodified Asp, Glu, Asn, and GIn residues at high concentrations.32
Therefore, sites from hydroxylamine-based proteomics should be supplemented with
mutagenesis experiments to ensure that the identified Asp/Glu are bona fide ADP-
ribosylation sites.16:17:33 A more general method of derivatizing ADPr is treatment with
hydrofluoric acid, which cleaves the phosphate-oxygen bonds, leaving a single ribose at
the modified site. While hydrofluoric acid-based derivatization could theoretically identify
ADPr at any amino acid, it has only been used to analyze /n vitro PARylated PARP1.5°

An alternative approach to simplifying ADPr involves enzymatic derivatization. MAR

and PAR can be digested with phosphodiesterase to produce phosphoribose.?® While it
requires purification before use, a highly potent phosphodiesterase from snake venom

is commercially available. On the other hand, human enzymes such as NudT16 and

ENPP1, which exhibit lower enzymatic activity, can be produced in significant amounts

in laboratories.>’~9 Phosphoribose derivatization allows for standard phospho-enrichment,
streamlining co-analysis of ADP-ribosylation and phosphorylation sites.6® Many Ser and
Tyr sites are co-targeted by these modifications, and their cross-talk on histone proteins has
important consequences for gene expression.817 However, because phosphorylation is more
abundant than ADP-ribosylation, such co-enrichment may reduce sensitivity.

Another enzyme commonly used is PARG, which converts PAR to MAR, resulting in a
+541 Da mass tag at all modified sites. Mono(ADP-ribose) modifications are labile during
HCD fragmentation, making it difficult to determine the modification site from the mass
spectrum.8? Instead, electron transfer dissociation (ETD), which specifically fragments the
peptide backbone, provides higher localization probabilities for ADP-ribosylated peptides,
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albeit with lower sensitivity than HCD. However, hybrid methods such as EThcD and
AI-ETD have been developed to improve the sensitivity of ETD-based methods and have
confidently localized hundreds of ADP-ribosylation sites in a single experiment.4”

Diverse ADP-ribosylation sites revealed by various techniques

Together, these proteomics techniques have extensively characterized ADP-ribosylated
proteins in cultured human cells treated with DNA-damaging agents. Under these
conditions, the majority of ADP-ribosylation occurs on PARP1 itself, histone proteins,
and to a lesser extent on proteins involved in DNA repair, cell cycle control, and RNA
metabolism.8 Precisely which sites are modified is, however, less clear. Initial in vitro
experiments found Asp and Glu are the acceptor sites on histones and PARP1,52.63 which
inspired the development of the boronate/hydroxylamine method.#44> However, when the
PARG/macrodomain method is used and intact ADP-ribose is searched for on all nine amino
acids, most ADPr is found on Ser (~90% of sites, 97% of intensity),8 primarily through
the activity of the PARP1/HPF1 complex,19:32 while Asp and Glu only constitutes a minor
fraction of total ADPr (~20 sites, <0.1% intensity).8

The discrepancy may be explained due to the technical details of the chosen methods. As
hydroxylamine-based methods can only detect ADPr on Asp and Glu, they may provide
excellent depth and sensitivity for a minor fraction of the total ADP-ribosylome. These
studies also often used PARG knockdown cells, which may reveal modifications that
would not stably exist in cells with normal PAR turnover.*44> On the other hand, Asp/Glu
sites have an ester, which is more sensitive to hydrolysis than other sites, particularly at
basic pH (Figure 1B). ADP-ribosylomics experiments typically involve multiple overnight
steps above pH 7 and have employed off-line high-p A fractionation to increase the
analysis depth.8 The extent of Asp/Glu-ADPr signal loss due to hydrolysis during these
lengthy sample preparation steps has not been assessed. Recently, the synthesis of defined
MARYylated peptides has been described for Ser, Thr, Tyr, Cys, and Arg.31:64-66 |f available
for all sites, these chemically defined peptides would be valuable standards for evaluating
the stability of different ADPr—peptide linkages during proteomics procedures.

Orthogonal western blot analyses found that Ser ADP-ribosylation is the most common
after DNA damage, confirming the proteomics results. However, the same western blots
also detected a minor fraction of DNA damage-dependent ADP-ribosylation on Asp/Glu.57
Asp/Glu ADP-ribosylation also has functions unrelated to DNA damage, such as promoting
transcription.58 Western blot analyses found most ADP-ribosylation occurred at Asp/Glu

in pre-adipocytes, where Asp/Glu-ADPr on histones controls gene expression during
differentiation.1” The relative abundance of ADP-ribosylation on other amino acids, such as
Lys, Arg, His, and Tyr, can vary depending on the tissue, cell type, cellular compartment, or
stress condition (e.g., interferon response).#’~49 Bolstered by these proteomics efforts, recent
studies have explored the biochemical effects and biological outcomes of site-specific ADP-
ribosylation on proteins, highlighting how PARPs regulate essential cellular components,
like histones and ribosomes (Table 1).9:16.18,19,32,33,37.68-77 \\/hjle the biological functions
of most ADP-ribosylation sites are still unknown, proteomics studies have revealed a
chemical diversity of ADPr-protein linkages, suggesting that ADP-ribosylation plays a role
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in multiple functional niches, with each linkage type regulated by a unique set of writers and
erasers.

Harnessing NAD* analogs to identify PARP substrate specificity

Which PARP enzymes are responsible for these diverse site modifications? PARPs have
diverse accessory domains, unique site preferences, and appear to target specific subsets
of proteins (Figure 2). While proteome arrays can be used to identify /n7 vitro substrates
of individual PARPs,”8.79 several labs have used NAD* analogs to study PARP substrate
specificity in cellular contexts (Figure 4).89.81 Early work found that PARPS tolerate
modifications at the nicotinamide and adenine rings of NAD*.82:83 Jiang and colleagues
extended this work by demonstrating that PARPs can accept N-alkyne-NAD™, which is
then linked through click chemistry to various moieties, including fluorescent dyes and
enrichment handles to detect and purify ADP-ribosylated proteins.8485 However, N6-alkyne-
NAD™ alone does not differentiate which targets are modified by specific PARPs because
multiple PARPSs can use this analog.

Inspired by “analog-sensitive” approaches used to identify targets of other proteinmodifying
enzymes,88 Carter-O’Connell and colleagues applied similar technology to investigate
modifications catalyzed by specific PARPs.8” By mutating a lysine within the active site,
PARP1 and PARP2 can accept NAD* analogs with an ethyl group at the C® position of

the nicotinamide ring (Figure 4), while the wild-type enzymes cannot modify proteins with
this analog. By combining this approach with the N6-alkyne modification, they obtained
the first proteomics data set of PARP1 and PARP2 targets from human cell lysates.8” The
Cohen lab went on to characterize the targets of PARPs 7, 10, 11, and 14.10.88.89 Thjs
revealed that these six PARPs have distinct target preferences and occupy specific cellular
niches. Notably, they created a chimera of the PARP11 accessory domains fused to the
PARP10 catalytic domain. Their PARP10-PARP11 chimera modified a subset of PARP10
and PARP11 targets, indicating both the accessory and catalytic domains regulate target
preferences.88

N6-alkyne-NAD*, however, inhibits PAR elongation,8%87 which is a significant issue for
PARylating PARPs 1, 2, 5a, and 5b.11 Gibson and colleagues solved this problem by
exploring the C8 position of the adenine ring. Interestingly, amine substitutions at C8 result
in poor reactivity, but sulfide substitutions are well tolerated by PARP1 once an active-site
leucine is mutated to alanine (Figure 4).68:85 They applied their C8 analog to intact nuclei
to identify PARP1, PARP2, and PARP3 targets and modification site preferences with
proteomics, as well as which regions of the genome are ADP-ribosylated by PARP1 by
coupling enrichment of ADP-ribosylated histones with DNA sequencing. This method
detected strong correlations between PARP1 ADP-ribosylation and actively transcribed
promoters, where PARP1 releases paused RNA polymerase Il through ADP-ribosylation
of negative elongation factor E.58

Rational analog design is possible, now that the structure of the wild-type PARP1 catalytic
domain bound to a non-hydrolyzable NAD* has been solved.?® The structure agrees well
with previous findings: the C® nicotinamide and C8 adenine positions are buried deep
within the domain, and therefore mutation of residues near these positions produces analog-
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sensitive PARPs. On the other hand, the C2, N3, and C# positions on adenine and the ribose
hydroxyls are exposed to solvent, suggesting that modifications at these positions will be
tolerated by wild-type PARP1. For example, C2-functionalized NAD* analogs are broadly
compatible, as they have shown activity with all PARPs tested thus far (Figure 4).10.91-94
Zhang and colleagues replaced the 3’-hydroxy! with an azide to create NAD™* analogs

with high PARylation activity.?>% The 3’-azide-NAD™ specifically showed activity with
PARP1 and little activity with PARP2 or PARP5a.% Yet, 3’-azide-NAD* modified proteins
in lysates when PARP1 was knocked out,%8 suggesting this analog can also be used by other
ADP-ribosylation enzymes in cells.

NAD™ analogs have traditionally been difficult to use in living cells due to their inability to
cross the cell membrane. However, the Marx and Zhang labs have developed methods for
delivering NAD™ analogs into living cells, including partially permeabilizing the membrane
with detergent or using the cationic lipid DOTAP as a transfection reagent.1:94.95 Through
combination with analog-sensitive technologies, NAD* analog delivery is an exciting
development for studying the substrates and functions of individual PARPs in living cells,
especially in contexts such as the immune response, where ADP-ribosylation levels are low
and multiple PARPs are involved.

SYNTHETIC ADP-RIBOSYLATED PROBES TO IDENTIFY THE ADP-RIBOSE
BINDING PROTEOME

Besides altering the activities of covalently modified substrates, ADP-ribosylation can also
affect the function of unmodified proteins through non-covalent interactions. PAR serves

as a scaffold for macromolecular complexes and biomolecular condensates.®” For example,
PARP1 ADP-ribosylates proteins surrounding DNA breaks, which can then recruit DNA
repair proteins through their PAR-binding domains.?® Some E3 ubiquitin ligases, such as
RNF146, activate their catalytic activity upon binding to PARylated proteins, resulting in
PAR-dependent ubiquitination.?9-100 Emerging data indicate ADPr-binding domains govern
the specificity and timing of PARP signaling events (Figure 5). For instance, macrodomains
bind ADPr, but significant sequence divergence within the family leads to unique binding
preferences and functions (e.g., the PARG macrodomain degrades PAR chains, but has no
affinity for MAR, while the PARP14 macrodomains have no catalytic activity and only bind
to MAR).101-104 The fact that the PARP14 macrodomains are specific for MAR suggests the
sequence context surrounding the MARylation site may also be important for macrodomain
recognition.#0:41.102 The WWE domain in RNF146 binds to the internal repeating unit

of PAR,195 while the tandem PARP13 WWE domain prefers to “cap” the PAR chain by
binding to the end.196 The PBZ domains within APLF specifically bind to PAR, with

a preference for branch points.197.108 Altogether, these examples suggest that the length
and branching of PAR maodifications control which proteins are recruited at which times,
introducing the possibility of a “PAR code” where the structure of the ADPr modification
impacts downstream signaling.®” Therefore, tools are much needed to evaluate the extent
and specificity of ADPr—protein interactions on a proteome-wide scale.
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Chemical probes reveal the MAR- and PAR-binding proteomes

Pioneering efforts identified PAR-binding proteins by overlaying radioactive PAR on protein
membranes transferred from gels of cell extracts and used peptide arrays to define clusters of
basic and hydrophobic amino acids as a PAR-binding motif.110.111 |_ater proteomics studies
identified proteins within PARylated complexes from cells with anti-PAR antibodies.112:113
However, these pulled-down proteins may not necessarily be direct binders or “readers”,

as they could be covalently PARylated, PAR-binding, or pulled down through indirect
protein-protein interactions. Recently, a range of synthetic MAR and PAR probes have been
developed and used to directly identify ADPr readers with proteomics (Figure 6).114

One challenge in developing these probes has been the difficulty of synthesizing ADP-
ribosylated molecules. Commercial PAR is costly and contains a mixture of lengths
(~10-300+), making it impractical for use in large-scale proteomics. However, recent
advances have made it possible to synthesize milligrams of single-length PAR oligomers
using chemical or enzymatic methods. The core building block for chemical synthesis
contains a protected phosphoramidite and an a(2—1) adenosine-ribose bond, which can

be linked through solid-phase P(I11)-P(V) couplings and terminated with an adenosine
phosphoramidite.115.116 Using this synthetic strategy, Kliza and colleagues used biotinylated
mono-, di-, and tri-ADP-ribose to identify their respective binders from human cell lysates
with mass spectrometry (Figure 6A).100 The tri-ADP-ribose probe identified many proteins
involved in DNA strand break repair, while the mono-ADP-ribose probe identified proteins
involved in metabolism and transcription initiation. These data suggest unique functions for
MAR and PAR, highlighting how structurally defined probes improve our understanding of
ADPr signaling.

The low yield of pyrophosphate coupling (~70%, compared to >99% for DNA/RNA
synthesis) has, however, limited the longest chemically synthesized PAR to a pentamer.116
To obtain longer lengths of PAR, several labs have used /n vitro reactions with NAD*

and purified PARP1 or PARP5a.21:34.117 Enzymatically synthesized PAR can then be
functionalized with enrichment handles and photoaffinity labels through organic synthesis.
Lam and colleagues synthesized a bifunctional NAD* analog with an azide for click
chemistry-based enrichment and a diazirine for efficient photo-cross-linking (Figure 6B).93
PARP1 PARylated with this analog is then added to human cell lysates and irradiated to
covalently capture PAR readers for identification. One advantage of this method is that

the synthesized PAR remains protein-conjugated, which is more biologically relevant than
purified PAR that has been detached from the protein. However, a disadvantage is that the
synthesized PAR has varying lengths and branch points, which provides no insight into the
structural specificity of interactions identified with this approach.

Alternatively, PAR can be synthesized as a mixed chain polymer using PARPs and
NAD* and detached from proteins with hydroxylamine or hydroxide. The PAR mixture
is fractionated into defined lengths using anion exchange HPLC.34117 While this method
is inherently inefficient for synthesizing a single length of PAR, the range of polymer
lengths produced in the enzymatic reaction can be adjusted by adding HPF1, histones, or
PARP1 fragments.34117 This enzymatic approach remains the only method for obtaining
PAR longer than pentamer, with lengths up to 63-mer reported.1® Our group has used
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the enzymatic method to synthesize 8- and ~40-mer PAR for identifying length-specific
PAR binding proteomes (Figure 6C).11% These polymers were converted into probes for
protein capture by ELTA with biotin-dATP and chemical acylation with a photo-cross-linker.
The probes were incubated with human cell lysate, cross-linked to capture PAR readers,
enriched, and analyzed with mass spectrometry. Many proteins were identified with both
lengths of the probe, but some readers were only captured by the 8-mer oligomer or the
40-mer polymer. The 8-mer readers were involved in central metabolism (e.g., glycolysis),
while the 40-mer readers were often associated with RNA metabolism and DNA repair.
These data, along with those from Kliza and colleagues,%0 support a hypothesis where the
length of PAR regulates the timing and specificity of PARP signaling pathways.

Other proteome-based screens complement existing approaches

While cell lysates are a useful source of endogenous human proteins, they provide poor
sampling of proteins that have low solubility or abundance in the cell types typically

used for lysate preparation. To address this issue, Kang and colleagues used a microarray-
based method that individually expresses and purifies ~17,000 human proteins from yeast
and spots them onto chips for analysis.220 The chip is then overlaid with biotin-PAR

and detected with fluorescent streptavidin (Figure 6D). This method has the advantage

of directly observing each interaction, and it offers a better sampling of proteins with

low protein copy numbers that may be difficult to detect with mass spectrometry-based
proteomics. Indeed, this array-based method uncovered several PAR-protein interaction
motifs not found in other screens, including the cysteine-rich motifs CNXC and CPXC.

Although these probes have made considerable progress by identifying thousands of ADPr-
binding candidates, the probes in use mostly lack the native peptide context. Even for the
study by Lam and colleagues, the use of /in vitro PARylated PARP1 may not recapitulate
biologically relevant PARP1 modification states. To address these issues, future research
may tap into new reagents such as peptides MARYylated at specific residues31:64-66 or
proteins with site-specific MAR and PAR modifications.3”-71.72 |If used in pull-downs in cell
extracts, these recombinant ADP-ribosylated substrates may reveal new readers that require
both ADPr and the surrounding protein for recognition.

METHODS FOR MONITORING ADP-RIBOSYLATION DYNAMICS IN VITRO
AND IN VIVO

Covalent substrates and their non-covalent interactions with unmodified proteins form an
ADPr-centric network that regulates various cellular processes. This network can be fine-
tuned by the form of ADP-ribosylation (MAR or PAR). To better understand the function of
this dynamic network, researchers are developing tools including antibodies and genetically
encoded reporters to detect specific forms of ADPr. Additionally, high-throughput assays
have led to the discovery of small molecule inhibitors that can be used to study enzymes that
control ADPr dynamics and assess their potential as therapeutic targets.
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Reagents detect specific forms of ADP-ribosylation

Historically, ADP-ribosylation was studied using bulk detection methods, such as
radioactively labeled precursors (e.g., ATP, NMN, NAD™), which were used to discover
PARylation in isolated nuclei.12! The sensitivity of PAR detection was further improved

by boronate enrichment and chloroacetaldehyde-mediated conversion to fluorescent
poly(ethenoADP-ribose), which established a link between PAR synthesis and DNA
repair.122 Monoclonal and polyclonal antibodies against PAR, such as 10H, were developed
for immunoassays (western blotting, immunofluorescence, ELISA, etc.).123 However, these
methods tend to bias towards PARylation. The radioactive and etheno-ADP-ribose-based
methods have a linear relationship between signal and PAR length, and the 10H antibody
prefers PAR. As a result, the first five decades of PARP research largely excluded mono- and
oligo(ADP-ribose) from their analyses.

Engineering more specific ADPr detection reagents became possible following the discovery
of protein domains that bind defined ADPr structures (Figure 5). Detection reagents

based on fusing WWE or macrodomains to antibody moieties are now available for

use in immunoassays.*® Anti-ADPr antibodies were also generated with phage display

of MARYylated peptides.3! This approach created antibodies that are MAR-specific, bind
both MAR and PAR, and for the first time, antibodies that recognize MARYylation at

specific sites. The increased specificity of these detection reagents improves the precision

of experiments and, more crucially, their commercial availability makes ADP-ribosylation
research accessible to the broader scientific community.

High-throughput assays monitor the activity of ADPr writer and erasers

While antibody-based methods are useful for basic biological research, they may not

be suitable for drug discovery, which requires quantitative, high-throughput detection of
ADPr activity. High-throughput enzymatic assays typically convert the enzymatic activity
of interest into an optical signal (e.g., fluorescence and luminescence) that can be easily
adapted to automated drug screening platforms in 384-well formats.

Strategies for converting PARP activity to light take advantage of NAD™ analogs (Figure

4). In general, recombinant PARPs are expressed and immobilized on plate. Biotin-NAD™*

is added to initiate the PARP reaction, which is then converted to a fluorescent signal

using detection reagents like europium-labeled streptavidin (Figure 7A).124125 However, the
low auto-modification activity of some PARP family members can be an issue, which is
addressed through forced proximity or an active-site displacement assay.126:127 potent and
selective inhibitors for PARP1/2, 7, 10, 11, and 14 are now available, which are important
tools for understanding the functions of individual PARPs.128 These inhibitors are also the
foundation for new therapeutics, with PARP1/2 inhibitors achieving FDA approval and a
PARP7 inhibitor currently in phase I clinical trials for cancer.129.130

While PARP inhibition has been studied for over 40 years,129 the inhibition of ADP-
ribosylhydrolases, enzymes that remove ADPr, is less studied.13 There is now significant
interest in discovering small-molecule inhibitors of ADPr eraser enzymes as their roles

in the progression of cancer and viral infections have recently been recognized. Multiple
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high-throughput assays for ADP-ribosylhydrolase activity are now available. The conversion
of ADPr removal into light can be achieved through multiple routes: the enzymatic cleavage
of ADP-ribose into phosphoribose and AMP, which then converts AMP to luminescence
with the luciferase-based AMP-Glo (Figure 7B), chemical conversion of a-NAD* into

a fluorescent compound, or the use of a bespoke ADP-ribose analog that releases a
fluorophore upon hydrolysis,64:132-136

The most well-developed inhibitor program for ADP-ribosylhydrolases targets human
PARG, and a cell-permeable compound with nanomolar potency is now commercially
available.138 This inhibitor has been used to study the function of PARG in living cells and
effectively kills breast and prostate cancer cells.139.140 Additionally, viral macrodomains,
which are conserved in some RNA virus families (e.g., Coronaviridaé) and play a critical
role in viral replication and pathogenesis, are another druggable ADPr eraser of therapeutic
interest.141-143 \/jruses expressing catalytically-deficient macrodomains are less lethal in
mouse models, suggesting inhibitors of viral macrodomains could reduce the severity of
infection.141.142.144 Several inhibitors of the SARS-CoV-2 macrodomain have recently been
reported and are being evaluated as a new strategy for antiviral therapy.134.145.146

Visualization of ADPr dynamics in cells

ADPr is a reversible, dynamic modification. For example, PARP1 is recruited to DNA
breaks within seconds, and PAR synthesis begins immediately, reaches a maximum level
within minutes before degrading within 1 hour.14” The temporal changes of PAR length

can be followed by isolating the polymers from other nucleic acids and separating them
through electrophoresis or chromatography. In the past, the length of intact PAR chains
was visualized by feeding cells radiolabeled adenine,2%:148 but this approach may induce
unintended radio-damage and trigger PARylation. Instead, isolated PAR can be stained with
nucleic acid dyes or labeled with fluorescent or radioactive moieties with ELTA.34 However,
ADP-ribosylation can be difficult with traditional assays, as they often involve cell lysis

or fixation, and may not reveal the full repertoire of ADPr structures. To directly visualize
ADPr modifications in cells, fluorescent NAD* analogs can be delivered through mild
permeabilization or transfection (Figure 4 and 7C).92:94.95 However, this method may also
detect other NAD™-dependent processes unrelated to PARP activity.

Genetically encoded reporters, such as fluorescent proteins fused to ADPr reader domains
(Figure 5 and 7C), enable the real-time monitoring ADP-ribosylation dynamics in live
cells.149-151 pAR-specific biosensors have been developed using split-protein systems,
where fluorescence only occurs when the two halves of the split fluorophore complement
each other to form a fully folded structure on the same PAR molecule. Split PAR sensors
were validated in a proof-of-principle experiment using cell lysate,152 and later confirmed
the rapid metabolism of PARylation following DNA damage in live cells.153 Notably, a PAR
sensor can also be used to detect specific PARylated proteins by fusing one half of the
sensor to the gene of interest and the other half to a PAR-binding domain. The fluorescence
produced by this technique acts as a “memory” of the PARYylation event, even after the
PAR has been degraded, due to the longer half-life of split fluorescent protein dimerization
compared to the PARylation event (~10 minutes).153
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Challa, Ryu, and colleagues recently improved the design of split-GFP PAR sensors by
systematically analyzing different combinations of ADPr-binding domains.1>* They also
developed a split nanoluciferase (NanoLuc) reagent with improved signal-to-noise ratio for
use in tissues and animals. These sensors were used to study the PARylation dynamics in
cellular differentiation and in live animals following gamma-irradiation. While the dynamic
range of these sensors is relatively modest (~3-5-fold), their direct detection of PAR in
vivo simplifies experimental design and reduces the risk of artifacts.1>* Together, the high
spatial and temporal resolution of these sensors complements the proteomic techniques
used to identify ADP-ribosylation substrates and binders, providing a more comprehensive,
temporal view of PAR signaling networks in living systems.

REMAINING CHALLENGES AND FUTURE DIRECTIONS

Over the past several years, techniques for studying ADP-ribosylation have advanced rapidly
and delved into the targets, binding partners, and metabolism of a once enigmatic protein
modification (Table 2). Proteomics advances have illuminated a surprisingly complex view
of ADP-ribosylation with thousands of protein targets and nine possible modification sites
that vary depending on cell type, cellular compartment, and environmental cues. However,
current techniques for identifying ADP-ribosylation sites derivatize the heterogeneous
mixture of ADPr modifications into defined mass tags (Figure 3). As a result, details

of the interplay between MAR and PAR and their regulation in cells remain largely
uncharacterized. While techniques have been developed to preserve both the length and
identity of repeating units in other complex post-translational modifications, traditional mass
spectrometry is not set up for analyzing the negative charge of PAR chains due to the use of
positive ion mode, which is optimized for basic tryptic peptides. One possible solution is to
explore the negative ion mode, which has been successful in sequencing negatively charged
glycans and glycopeptides.1®°

With the identification of nearly 2,000 ADPr reader candidates, we are now in a position to
make significant progress in understanding the non-covalent interactions between proteins
and ADP-ribosylation. By determining the binding sites of these readers and studying

the effects of binding-deficient mutant proteins in live cells and tissues,16:156 we will

gain valuable insights into the biological roles of ADPr-protein interactions. Additionally,
transfecting a photo-cross-linking NAD™ analog into a cell line expressing an analog-
sensitive PARP can provide further information about the coordination of both covalent

and non-covalent ADP-ribosylation events by specific PARPs. Mapping ADPr-binding sites
to pathological mutations may uncover the physiological significance of these binding
interfaces and potential drug-targeting opportunities.

Another revelation is the importance of protein MARylation. MAR-specific detection
reagents are now available, %41 including antibodies that recognize specific MARylation
sites within histone and PARP1.3! Further development of MAR-specific reagents and
their use in imaging will complement proteomics data by measuring the cellular dynamics
of MARYylation. Emergent data also revealed that the chain length of PAR is linked to
pathological states (e.g., slower PAR degradation in cancerous tissue),147157 highlighting
the need to develop tools for monitoring changes in both the site and length of ADP-
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ribosylation as clinical biomarkers. These tools could have a significant impact on patient
selection and treatment, particularly in light of ongoing efforts to pursue drugs targeting the
synthesis and degradation of ADP-ribosylation.

One outstanding question remaining in the field is how PAR—a homopolymer—achieves
specificity with its binding partners.%7158 The length of PAR seems to be a crucial regulator
during the initiation and elongation steps of building an ADPr-centric network. However, the
three-dimensional structure of this homopolymer has remained elusive, with previous efforts
only able to resolve dimeric ADP-ribose.191 Recent developments in synthesizing length-
defined PAR and labeling both termini have enabled the use of biophysical techniques that
precisely measure PAR-protein interactions with single-molecule precision.34159-161 Fy|ly
synthetic PAR synthesis allows for complete control over its structure, including the ability
to add defined branch points and alter chemical moieties.162 Creating chemical probes

to identify branch readers and developing them into biosensors will enable us to explore

the significance of this unique PAR structure. By synthesizing PAR analogs, we can also
determine the importance of specific components, such as the phosphate group, base, and
sugar, in binding interactions,83:93.95

Lastly, exciting recent work has revealed that DNA and RNA are ADP-ribosylated in
mammalian cells.163164 MARylated proteins can also be modified with ubiquitin through
a noncanonical O-linkage between the C-terminal glycine of ubiquitin and the 3’-hydroxyl
of ADPr.165 These examples illustrate the exceptional versatility and high-energy nature
of NAD™*, which facilitates chemical reactions with diverse biomolecules that challenge
our conventional definitions of post-translational modifications. The biological significance
of non-canonical ADP-ribosylation in human cells is just beginning to emerge, but this
new direction supports further development of detection reagents that are specific for
DNA-ADPr, RNA-ADPr, or ubiquitin-ADPr. Coupling these reagents with proteomics,
sequencing, and live-cell imaging will drive cutting-edge basic science efforts in the field
and may reveal novel applications for ADPr in biotechnology and medicine.
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(A) PAR metabolism involves four steps: 1) transfer of a single ADP-ribose from NAD*
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*Lysine ADP-ribosylation can also occur through a non-enzymatic glycation reaction
fRequires HPF1, a co-factor that forms a heterodimer with PARP1 and PARP2

to the target protein, resulting in mono-ADP-ribose (MAR). 2) Further ADPr transfers onto
MAR, producing linear and branched poly(ADP-ribose) (PAR). 3) PAR degradation, which
is primarily carried out by poly(ADP-ribose) glycohydrolase (PARG). Notably, human

PARG does not remove the final ADP-ribose attached to the protein, thereby converting
PAR to MAR. 4) Cleavage of the ADP-ribose-protein bond by various “eraser” enzymes,
each with a preference for specific functional groups. Note: ARH3 can also degrade PAR,

although it is less efficient than PARG and unable to remove branch points. (B) The

chemical diversity of ADPr-protein bonds synthesized by human PARPs, with known site

preferences listed. See Data S1 for related references.
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Figure 2. An overview of the PARP family, including domains, targets, and phenotypes.
Domain abbreviations: ZF = zinc finger, NLS = nuclear localization signal, BRCT = BRCA1

C-terminus, WGR = the three most conserved amino acids in this DNA-binding domain, HD
= helical domain, ART = ADP-ribosyltransferase, MVP!P = major vault protein interacting
domain, SAM = sterile alpha motif, WWE = the three most conserved amino acids in

this PAR-binding domain, Macro = macrodomain, RRM = RNA recognition motif, UIM =
ubiquitin interacting motif, TM = transmembrane. See Data S1 for related references.
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Figure 3. Key steps in ADP-ribosylomics workflows.

Following protein extraction from cultured cells or tissues and tryptic digestion, ADP-
ribosylated peptides are enriched with a variety of methods (blue). Enriched peptides contain
heterogeneous ADP-ribose modifications (7.e., MAR and PAR), which are then derivatized
to a single, homogenous mass (red) to simplify the interpretation of mass spectra. For each
derivative, the amino acids searched in published experiments are in paratheses, though
ribose and phosphoribose could be on any amino acid. The structure of Af1521 is from

reference 50.
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Figure 4. NAD™ analogs used to study ADP-ribosylation.
Analogs with substitutions to the N8, C2, and 3’-OH positions can be used with wild-type

PARP proteins, whereas substitutions to the C> and C8 positions require mutations in the
NAD*-binding pocket to confer analog sensitivity.
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Figure 5. Protein domains that bind to ADP-ribosylated molecules.
The PAR-binding zinc finger (PBZ), WWE domain, and macrodomain are well-defined

folds that recognize specific forms of ADP-ribosylation. The blue circles indicate the
binding preferences for each domain based on structural data, with dashed circles indicating
variations in binding preference within the family. For instance, most macrodomains bind
ADP-ribose, MARylated proteins, and/or the terminal ADPr of PAR, except for CHD1L
(ALC1), which specifically binds PAR.199 Several RNA-binding domains and intrinsically
disordered PAR-binding motifs are reported to bind PAR, but how these domains engage
PAR is unclear due to a lack of structural data. The structures of Af1521, RNF146 RING-
WWE, and APLF PBZ are from references 50, 99, and 107, respectively.
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Figure 6. Techniques for identifying MAR and PAR readers with chemically and enzymatically

synthesized probes.

(A) Kliza et al, 100 (B) Lam et al,?3 (C) Dasovich et al,11° and (D) Kang et al.,120
have developed complementary methods that together have identified 1,918 MAR- and

PAR-binding candidate proteins.
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Figure 7. Methods for visualizing ADPr in vitro and in vivo.
(A) A high-throughput ADP-ribosylation assay identifies PARP inhibitors by measuring the

number of biotin-ADPr modifications. (B) A high-throughput ADP-ribosylhydrolase assay
identifies inhibitors by converting hydrolyzed ADP-ribose into luminescence. (C) Small
molecule and genetically encoded methods for imaging ADP-ribosylation dynamics in living
cells. The structures of RNF146 WWE and split GFP are from references 105 and 137,
respectively.

Mol Cell. Author manuscript; available in PMC 2024 May 18.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Dasovich and Leung

Table 1 |

Functional characterization of ADP-ribosylation sites identified with proteomics
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PARP1 from DNA breaks and decreasds the toxicity of

Mol Cell. Author manuscript; available in PMC 2024 May 18.

Protein Site(s)  Biological significance Evidence Ref. #
E121
E151  The negative elongation factor complex (NELF) inhibits
NELF-E E152 transcription elongation by RNA polymerase I1. PARP1 In vitro ADP-ribosylation 68
E171 ADP-ribosylated NELF-E, which disrupted the complex and assay, EMSA, ChlP-seq
E172 increased transcription at select promoters.
E374
DDX21 is a nucleolar RNA helicase that localizes to . : :
Eff; RNA loci and promotes rRNA transcription. PARP1 égsgg, Ialf\glPP-_rékl):?%Iatlon
DDX21 E43 ADP-ribosylated DDX21, which disrupted DDX21-RNA EMSA &IhIP-qPCR ! RNA 16
E67 interactions and prevented DDX21 from localizing to rRNA Bioanaiyzer purom)}cilation
£196 loci. This reduced rRNA levels, protein translation, and cell assay, cell proliferation assay
growth.
. . . In vitro ADP-ribosylation and

Histone Ea PARP1 ADP-ribosylated Histone H2B at E35in phosphorylation assay, IP,

H2B preadipocytes, which prevented differentiation to adipocytes RNA-seq, ChIP-gPCR, Oil 18
by blocking AMPK-mediated phosphorylation of H2BS36. Red O staining
RPL24 & RPS6 are ribosome components at the interface
of the 60S and 40S subunits. PARP16 ADP-ribosylated IP, IF, puromycilation assay,

éfﬁ;ﬁ::e& Sﬁgg‘l EgS RPL24 & RPS6, which prevented ribosome assembly and ribosome profiling, cell 33
reduced translation. This promoted cell survival by limiting proliferation assay
the toxicity associated with excessive protein synthesis.
D69 . . . .
. PARP7 ADP-ribosylated a-tubulin, which contributed to

Tubulin E;é microtubule depolymerization. IP.IF 9
STAT1a is a key transcriptional regulator of pro-
inflammatory gene expression mediated by interferon

E39z V- PARP1 ADP-ribosylated the DNA-binding and IP, ChIP-seq, RT-qPCR,
STATla E394 transactivation domains of STAT1a, both of which ) RNA-seq, phagocytosis 69
D721 increased interferon-regulated gene expression by promoting assay, seahorse assay,
STAT1a interactions with proteins and DNA. STAT1a oligonucleotide-binding assay
ADP-ribosylation drove pro-inflammatory phenotypes in
macrophages, increasing their ability to phagocytose bacteria.
U2 snRNP auxiliary factor (U2AF) is an essential splicing

U2AF35  E162 factor that recognizes splice sites and initiates ribosome In vitro ADP-ribosylation

U2AF65 E425 assembly. PARP1 ADP-ribosylated U2AF, which altered assay, IP, EMSA, splicing 70
U2AF-RNA interactions and regulated RNA splicing events assay
in stem cells.

The PARP1/HPF1 complex ADP-ribosylated histone Hi . : :

Histone  S150 during the DNA damage response. ADP-ribosylation did :;ngl[rfﬁo\szg;gzﬂigtliégéogssa 22 71

H1 S188 not directly affect Hi-DNA interactions but did decrease N ati%e PAGE Y, !
chromatin compaction.

The PARP1/HPF1 complex ADP-ribosylated histone H2B

Histone during the DNA damage response. H2B ADP-ribosylation Sedimentation assay,

H2B S6 reduced chromatin compaction and primed H2B for fluorescence polarization, IP, 37,72
recognition and remodeling by the ADP-binding chromatin nucleosome remodeling assay
remodeler ALCL.

The PARP1/HPF1 complex ADP-ribosylated histone H3
Serine during the DNA damage response. H3 ADP-ribosylation In vitro ADP-ribosylation
reduced chromatin compaction and primed H3 for assay, western blotting,

Histone recognition and remodeling by the ADPr-binding chromatin IP, sedimentation assay, 19,

H3 S10 remodeler ALC1. fluorescence polarization, 37,
ADP-ribosylation of H3Si0 also blocked acetylation or nucleosome remodeling 72-74
methylation of H3K9. Conversely, acetylation or methylation  assay, /n7 vitro acetylation and
of H3K9, phosphorylation of H3T11, and acetylation of methylation assays
H3K14 block H3S10ADPr.

The PARP1/HPF1 complex auto-ADP-ribosylated PARP1 . -
PARP1 gggg during the DNA damage response. ADP-ribosylation of \r;viecsrtgsrgokz)l)?tggl?Ysu\r/\?i-\?;” 32 75
S519 PARP1 at these three serines promoted the dissociation of assay ’ !
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Protein Site(s)  Biological significance Evidence Ref. #
PARP1 inhibitors by reducing the amount of PARP1 trapped
on DNA.
C125
C131
C284
gggg PARP7 ADP-ribosylated the androgen receptor (AR), Western blotting, AR-
. which promoted interactions with the ADPr-binding PARP9/ e
Cysteine AR CA406 DTX3L complex and modulated androgen-dependent gene dependent luciferase reporter 76
C519 expression assay
C596 '
C602
C620
C670
Hemopexin (HPX) is a heme-binding protein that
transports heme to the liver for recycling and iron . " :
Arginine HPX R218 recovery. HPX is ADP-ribosylated by the ARTC1 ecto- In vitro ADP-ribosylation 77

ADP-ribosyltransferase. /nn vitro, HPX ADP-ribosylation by
ARTCL1 inhibited HPX-heme binding.

assay, heme-binding assay

Mol Cell. Author manuscript; available in PMC 2024 May 18.



Page 34

Dasovich and Leung

"SOIWRUAP YWIA JeIn||a9 Jo Buibewi ay) 4oy moje

Aew ‘as0quI-dQV 9.} 10} Aluige Inoynm ‘uonelA9wIA uislosd puiq
Alreany10ads yeyy syuabeas uonoalep HWIN Uolelauah-1xau 4o ash ay |
+dVvN pue asoqu

-dQV 934} 01 Buipuiq 196.e3-440 01 anp ag AW SIYL "S|[3I Ul $$899NS
paliwl| pey aAey surewop BuIpulg-YWIAl YIM SI0SUasoIq ‘Nyssadans
Ajabre| uaag aney surewop BuIpUIg-Hd YIM SI0SUasoIq 8]IYM

‘S|ewiue
pue s|129 Buiall ut 1d@y Jo
ainyeu a]qisIanal ‘olWeuAp

Alyby sy saunsesy

"1S8431U1 JO SaNnssi)
10 ][99 Ul Ssaidxa pue suigjoid Juadsalonyy 0}
pasny surewop Buipulg-1day apodus A|[eansuss

sJosussolq 1dav

wisijogelaw
dav

's]180 Ul sa]0J [ea1BojoisAyd J1ay pueisiapun Jexaq o} sissusbeinw 1oy
sals Buipuig 1d@y ays BuiAynuapi uo snaoy pinoys siusiiiadxe aining

‘sayesA| 1180 01 syuswiLiadxa payIwi|
sey sa|nasjow pae|Asoqui-day Jo Aljigqeswladw sueiquiaw ay |

‘parebnfuod
utaoud s1 8qoud IdaV ay L

"S2INIONIS 1Ay d119ads
J3ja1d suiaoud Buipuiq
J1ay19ym ainseawl ueD

'suiajo.d Buipuiq ainyded
0} 1eq Se 1 asn Uay} ‘01 Ul SdYd Ayipow
01 11 3sn ‘+QWwN Buryui|-ssola-ojoyd 8z1s8yIuks

‘suigiold Buipuig-1dav
aimyded 0] syeq se Way} asn Uay} ‘sainjonis
pauLap Yim sajnasjow parejAsoqu-4ay asedsid

sbojeue ,QvN
Burull-ssoao-010yd

saqoad
1dayv oneyiuAs

slapeal 1day

's]192 Buinlj ut sBojeue ,QvN padwng

10 3sn 0] a|qeus Aew syuabieal uonodajsuel) ,AwN palodal Apusday
"13]9NU 108IUI PUR S31eSA| [199 0] SluswIadxe

panwi| sey sBojeue QN 40 ANjigeswsadl aurIquIaw ay L

‘uonyejAsoqui

-dAV JO SWJoj JUBI3IP JO UOIIBZIIBIdEIRYD J1193ds-8)IS B} 10}

MO|[e AewW 31n3oN.3s 8y} aAIasaid 1eyl SpPoYIaW UOIBZIIeALIap [SAON
"UOITed11UBPI IS IdQY 10} UoireALIsp ay} Butiinbal

Agaiayp ‘s|[99 ul sa|ndsjow Bulureuo9-auIsouspe Jaylo [age| Aew w113

'sanssiy
asnow 9119ads pue $assals 1aylo 0] pasodxa S||ad Ul Yaseasal Jayuny
10} paau ay} Buneslpui ‘ssans d1xojoush Japun saul| [189 Jadued ul
auop uaaq aney Buiddew a1is 1d@y BuiAjoAul sjuswiLIadxa 8y 4O 1SOIN
‘pazisloeteyd Ajfeuonouny

U®3q aney |nypuey e Ajuo Ing ‘paddew usag aAey SslIS JO Spuesnoy L

'SaNpISaJ 21pIoe d} 18 asoy) ey}
19410 S8)IS 1d@V 4O UOIEIIIUaPI MO|[e Ael SPOYIBLI UOITRALIBP [9AON

‘d4Vd o1y19ads e Aq
payebies suislod sanusp|

8[189
BUIAI WOy S3NS Saiynusp|
'SaIIS ||B U0 IdaV S19818Q

'SaNssI} pue s|199
BUIAI] WOJy S3YS SaIyIUBP|
'SalIS || U0 IdAV S19918Q

S[Es)
BUIAI] WOJy S3YS SalyIUBP|
"ayeweln|b pue

‘Bofeur ayy uo Bey Ajulge ue yym payoriua usyl
aJe suigloud parejAsoqu-day 18x20d Buipuiq
ay} ul 910y, ® Sey Jeyl ddvd pareinw

e yum Bojeue ,QwN ..padwng,, e auiquiod

"aselaysalpoydsoyd

UM way} azirearsap pue sapnidad pajage)
umop-|Ind ‘T aseyiuAs aejAuapeohijo Buisn
a|puey 81qexd1fo e yum wiayy Buijage

Aq sepndad parejAsoqui-dQy 8zijeuonouny

"TZSTIV YUM YoLUB Usy) 'D¥Vd Ylim
1dQ@v-ouow 03 sapndad pajejAsoqu-4ay Wil

"aulWelAX0IpAY
YNM 9ZIJeALISP U} ‘81BU0IO0] UNM S3TesA|

Sddvd
annIsuas-Boreuy

SN-V113

TCSTIV + OdVd

aulwe|AxoapAy

S91IS pue
196181 dyvd

“UONBIAYVd JO UOI19313P 4} SPIEeMO} 1 + 91euolog
paselq aq Aew puke ‘ajeweln|B pue syepedse Je 14y s19919p AJUQ Sw%mm_mmmu“w&o%%mm\_“m_nm_\d\ 130 wiouy sapndad parejAsoqu-day youu3
SUOI3941P 2NNy *® sabua|[eyd uaLIND sabejueApy Arewwing anbiuyoal
uone|Asoqli-dayv Apnis 01 pasn sanbiuyda Jo MaIAIBAQ
| 2 a1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2024 May 18.

Mol Cell. Author manuscript



	SUMMARY
	eTOC blurb
	BACKGROUND
	The Chemical Complexity of ADP-ribosylation
	The Structural Complexity of ADP-ribosylation

	TECHNIQUES FOR IDENTIFYING ADP-RIBOSYLATED PROTEINS AND SITES
	Key techniques to identify ADP-ribosylation sites
	Enrichment
	Derivatization

	Diverse ADP-ribosylation sites revealed by various techniques
	Harnessing NAD+ analogs to identify PARP substrate specificity

	SYNTHETIC ADP-RIBOSYLATED PROBES TO IDENTIFY THE ADP-RIBOSE BINDING PROTEOME
	Chemical probes reveal the MAR- and PAR-binding proteomes
	Other proteome-based screens complement existing approaches

	METHODS FOR MONITORING ADP-RIBOSYLATION DYNAMICS IN VITRO AND IN VIVO
	Reagents detect specific forms of ADP-ribosylation
	High-throughput assays monitor the activity of ADPr writer and erasers
	Visualization of ADPr dynamics in cells

	REMAINING CHALLENGES AND FUTURE DIRECTIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1 |
	Table 2 |

