
PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 1 / 19

 

 OPEN ACCESS

Citation: Chatrin C, Zhu K, Simmons MDR, 
Maginn L, Schützenhofer K, Lu Y, et al. (2026) 
Specificity and recognition of the ADP-ribosyl-
ubiquitin modification in the DNA damage 
response. PLoS Biol 24(4): e3003747. https://
doi.org/10.1371/journal.pbio.3003747

Academic Editor: Tanya Paull, The Univ. of 
Texas at Austin, UNITED STATES OF AMERICA

Received: December 15, 2025

Accepted: March 23, 2026

Published: April 2, 2026

Copyright: © 2026 Chatrin et al. This is an open 
access article distributed under the terms of 
the Creative Commons Attribution License, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: The source data 
for S2 Fig can be found in S1 Data. The source 
data for Figs 4 and S4 have been uploaded 
to the BioStudies database (https://www.ebi.
ac.uk/biostudies/studies/ S-BIAD2514). The 
Biostudies accession number is S-BIAD2514.

SHORT REPORTS

Specificity and recognition of the ADP-ribosyl-
ubiquitin modification in the DNA damage 
response

Chatrin Chatrin1, Kang Zhu1,2, Michael D. R. Simmons1, Lucy Maginn1, 
Kira Schützenhofer1, Yang Lu1, Nina Đukić1, Sven Wijngaarden3, Max S. Kloet4, 
Katarzyna Wiktoria Kliza5, Gerbrand J. van der Heden van Noort4, Dmitri V. Filippov3, 
Dragana Ahel1, Rebecca Smith1,6*, Ivan Ahel 1*

1  Sir William Dunn School of Pathology, University of Oxford, Oxford, United Kingdom, 2  Health Science 
Center, East China Normal University, Shanghai, China, 3  Leiden Institute of Chemistry, Leiden University, 
Leiden, The Netherlands, 4  Department of Cell and Chemical Biology, Leiden University Medical Centre, 
Leiden, The Netherlands, 5  Max Planck Institute of Molecular Physiology, Dortmund, Germany, 6  St 
Vincent’s Institute of Medical Research, Fitzroy, Victoria, Australia 

* rebecca.smith@svi.edu.au (RS); ivan.ahel@path.ox.ac.uk (IA)

Abstract 

ADP-ribosylation (ADPr) is a post-translational modification that has regulatory roles 

in multiple cellular pathways including the DNA damage response and in innate 

immunity. Recently, it has been uncovered that ADP-ribose can be further modified 

by a family of ubiquitin E3 ligases, the DELTEXES, which catalyze ubiquitin transfer 

directly onto ADP-ribose, creating a hybrid ADPr-Ub modification which can be recog-

nized by proteins with dedicated ADPr-Ub binding domains. With this hybrid modi-

fication recently been identified in cellular systems, we use a series of in vitro and 

cellular assays in human cells to investigate the amino acid preference for ADPr-Ub 

production as well as conditions required for reversal of the modification. We show 

that ADPr on both serine and glutamate-linked peptides can be ubiquitinated by the 

RING-DTC domains of DTX2 and DTX3L in vitro and that this can be recognized by 

RNF114, RNF138 and RNF166 for ubiquitin chain elongation. Finally, we demon-

strate that DTX2 rather than DTX3L plays a role in ADPr-Ub production at sites of 

DNA damage to promote the recruitment of RNF114, RNF138, and RNF166 in an 

HPF1-independent manner.

Introduction

Post-translational modifications (PTMs) are fundamental regulatory mechanisms that 
dynamically control protein stability, activity, localization, and interactions. Two major 
PTMs—ubiquitination and ADP-ribosylation (ADPr)—are involved in numerous 
cellular processes including DNA repair, immune signaling, and protein quality control 
[1–3]. ADPr is catalyzed by the ADP-ribosyltransferase superfamily of enzymes 
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including the 17-member PARP family in humans. Of this family, 15 PARPs are 
catalytically active for ADP-ribosyltransferase activity and transfer ADP-ribose units 
from NAD+ onto specific amino acid residues—modulating protein function in a highly 
regulated manner [2,4]. Amino acid specificity of different PARPs can vary depending 
on the exact PARP family member or on other regulatory proteins [5,6]. For exam-
ple, Serine-ADPr (Ser-ADPr), the most robust form of ADPr in the DNA damage 
response, is mediated by PARP1 or PARP2 proteins but only in the presence of the 
accessory factor HPF1—which is required to deprotonate the hydroxyl of the Ser-
ine residues [7–10]. PARP1 and PARP2 can also target glutamate and aspartate 
residues which can proceed independent of HPF1 and this likely regulates distinct 
aspects of the DNA damage response as well as gene expression and other pro-
cesses [11–15]. As with most PTMs, ADPr is a mostly reversible modification which is 
mediated by different hydrolase enzymes [16].

Ubiquitination regulates many processes including protein turnover, immunity and 
DNA damage responses [1]. Ubiquitination is catalyzed in a three-step cascade where 
ubiquitin is first activated in an ATP-dependent manner by an E1-activating enzyme 
[17–19], received onto an E2-conjugating enzyme and transferred onto a substrate, pri-
marily lysine residues, through the action of one of over 600 E3-ubiquitin ligases. Along 
with catalyzing mono-ubiquitination, E3 ligases can initiate and extend ubiquitin chains, 
predominantly nucleating from lysine residues of the acceptor ubiquitin—creating a 
“ubiquitin code”. The combination of ubiquitin chain linkages and branching events 
enables the ubiquitin code to specifically regulate a diversity of cellular pathways [1].

Recently, the ubiquitin code has expanded beyond canonical lysine-linked ubiq-
uitination with the identification of the ubiquitination of Ser/Thr residues [20–22], 
polysaccharides [23], and nucleic acids [24,25]. Notably, ubiquitin can also form a 
linkage to the 3′-OH the adenosine proximal ribose of ADPr linked either to proteins 
or nucleic acids creating a dual hybrid PTM—ADP-ribose ubiquitin (ADPr-Ub)  
[26–30]. ADPr-Ub is also referred to as MARUbe when produced on mono-(ADP-
ribose) [31] and is catalyzed by the DELTEX (DTX) family of E3 ubiquitin ligases 
(DTX1, 2, 3, 3L and 4) [27,28]. Mechanistically, the RING domain in these E3s 
accommodates E2~Ub while the DTC domain accommodates ADP-ribose/NAD+ 
[32,33] and contains a catalytic His/Glu dyad that increases the nucleophilicity of 
the 3′-OH of the adenosine-proximal ribose of ADPr to enable the transfer of ubiq-
uitin from the E2 onto ADPr [28]. Reversal of ADPr-Ub was shown to be performed 
by several ADPr and ubiquitin hydrolases [27,28]. While ADPr-Ub was initially dis-
covered using biochemical approaches [28], this dual modification has now been 
identified in cells on tankyrase [34] and PARPs 7 and 10 [31,35] utilizing overexpres-
sion systems and has been proposed to regulate protein degradation or in case of 
tankyrases—protein stabilization. In addition, ADPr-Ub marks have recently been 
detected on PARP1 and histones in an endogenous system [36]; however, the phys-
iological consequences of this are not clear. It was proposed that these marks may 
be important for the recruitment of readers such as RNF114 to sites of DNA damage 
[29]. Besides from the DNA damage response, ADPr-Ub is also potentially involved in 
CreBP transcription and AR/AHR signaling [30,35,37,38].
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Just like ubiquitin, it was recently shown that ADPr-Ub can be extended in some situations to form ubiquitin chains [26]. 
This was initially shown for the ADPr-Ub reader E3 ubiquitin ligase RNF114 using synthetic substrates [29]. Other studies 
have shown specific extension of ADP-Ub made by PARP7 and tankyrase via the action of RNF114 and its paralogue 
RNF166 [34,39]. The study by Kloet and colleagues utilized a chemically synthesized ADPr-Ub probe and identified 
RNF114, RNF138, RNF166, and several other proteins as potential readers of ADPr-Ub [29]. RNF114, RNF166, and a 
number of other readers were then revealed using complementary methods by Lacoursiere and colleagues [39]. Impor-
tantly, RNF114 is recruited to sites of DNA damage in a PARP1-dependent manner by its tandem ADPr (ZnF2 + 3) and 
ubiquitin (UIM) binding domains [29] suggesting that ADPr-Ub may be found at the sites of DNA damage. Mutating either 
the ZnF2 + 3 or UIM domains leads to reduced RNF114 recruitment [29,40]. Interestingly, treatment with nimbolide which 
hinders RNF114 substrate recognition [41], promotes PARP1 trapping [42].

The identification of ADPr-Ub is a very recent discovery and while initial biochemical characterization has been made, 
there are still major gaps in the basic knowledge around this modification. To better understand ADPr-Ub, we completed 
a series of biochemical assays with synthetic peptides and probes to investigate the amino acid preference for ADPr-Ub 
production. Furthermore, we examined the reversal of the ADPr-Ub using both ADP-ribosylhydrolases (ARHs) and deubiq-
uitinases (DUBs). Finally, we explored the recruitment of RNF114/138/166 to sites of DNA damage, identifying a depen-
dency on DTX2 for their efficient enrichment at break sites. Importantly, we also show that RNF114 recruitment does not 
require HPF1 indicating that the enrichment of the ADPr-Ub binding E3 ligases at sites of damage is largely independent 
of Ser-ADPr.

Results

Deltex ubiquitin ligases can ubiquitinate ADP-ribose linked to glutamate and serine residues

The Deltex family of E3 ubiquitin ligases can ubiquitinate ADP-ribosylated substrates in vitro [27,28,35], but to date there 
is little significant data on physiological ADPr-Ub sites. Recently cysteine-linked ADPr has been shown to be an acceptor 
of ubiquitin in the context of AR/AHR signaling [30,35], while serine-linked ADPr was shown to be an acceptor of ubiquitin 
in cells in the context of DNA damage response, specifically on PARP1 (Ser499), histone H2B (Ser6) and H3 (Ser10) [36]. 
These three sites represent the most robustly ADP-ribosylated sites upon DNA damage [7,8,43]. To provide new insights 
into the mechanisms, specificity and regulation of ADPr-Ub formation we utilized a synthetic H2B Ser-ADPr peptide to 
reconstitute ADPr-Ub reactions in vitro. As improvements in Mass Spectrometry sample preparation have elucidated 
that there is a significant amount of glutamate linked ADPr synthesized during the DNA damage response [13,15,44], we 
also analyzed the major glutamate-ADPr site on PARP1, E491. Previously, the RING-DTC domains of DTX2 and DTX3L 
have been shown to be sufficient for the ubiquitination of ADP-ribose [28]. Using these domains in our established in vitro 
ADPr-Ub assay [28], we tested whether the two DELTEX E3 ubiquitin ligases implicated in the DDR, DTX2, and DTX3L 
[45,46], show a preference for either of these two sites using two ADP-ribosylated synthetic peptides—Ser-ADPr and 
Glu-ADPr.

For both peptides and E3s, we observed a mobility shift in ubiquitin staining that colocalizes with poly/mono-ADPr 
staining—suggesting a covalent linkage between the ADP-ribosylated peptide and ubiquitin (Fig 1A, Lanes 8–9 and 
14–15, S1A Fig). Importantly, the corresponding synthetic peptides that lack ADPr were not modified with ubiquitin (Fig 
1A, Lanes 5–6 and 11–12). All samples displayed apparent ubiquitin auto-modification on Deltexes, indicating that these 
E3 ligases were active in all conditions (Fig 1A, Lanes 2–3, 5–6, 8–9, 11–12, and 14–15). ADPr was detected with an 
antibody which recognizes poly- and mono-ADPr and the signal coincided with the ubiquitin signal. Notably, we detected 
some unspecific signal using this antibody at the size of ubiquitin, particularly in the case of DTX2. However, this is also 
seen with non-ADPr substrates and likely represents a cross-reaction with some product of the ubiquitination reaction 
components on ubiquitin. To more clearly show ubiquitination of ADPr, we utilized a variant of the H2B Ser-ADPr syn-
thetic peptide with a biotin group and performed the ubiquitination reaction with DTX2 and DTX3L RING-DTC domains 
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Fig 1.  DTX2 and DTX3L modify ADP-ribosylated H2B and PARP1 peptides with ubiquitin. (A) PARP1 Glu-ADPr, H2B Ser-ADPr and (B) biotin-
H2B-Ser-ADPr peptides reacted with wild-type DTX2(RING-DTC) and DTX3L(RING-DTC) and their DTC mutants (C, D). All reactions contain E1, 
UbcH5b, Ub, MgCl

2
, ATP. ADP-ribosylated peptides were detected with antibodies for ubiquitin or poly/mono-ADPr, or Neutravidin800. Auto-modified 

DTX is indicated as His-DTX-Ubn on the merged image. ADPr-Ub on peptide substrates are indicated as pep-ADPr-Ub on the merged images.

https://doi.org/10.1371/journal.pbio.3003747.g001
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(Fig 1B). Using NeutrAvidin to recognize biotin, we detected a single band specifically in the reactions with DTX2-RD and 
DTX3L-RD (Fig 1B Lanes 2–3), confirming previous data that indicates these E3 ligases ubiquitinate modified peptides 
[28]. To gain understanding on whether DTX2 or DTX3L prefers Ser-ADPr or Glu-ADPr, we performed a titration with 
increasing amounts of DTX2-RD or DTX3L-RD (S1B Fig). Each enzyme efficiently ubiquitinated both substrates, with a 
slight preference to Glu-ADPr under these experimental conditions.

Next, we analyzed the effect of DTX2 and DTX3L DTC domain mutants—E608R and E733R, respectively—that are 
specifically needed for non-canonical ADP-ribose-linked ubiquitination [28]. Using WT proteins, we observed strong 
ubiquitination on the peptides H2B-Ser-ADPr, PARP1-Glu-ADPr, and biotin-H2B-Ser-ADPr (Fig 1C Lanes 7, 9, 12, 14; Fig 
1D Lanes 2, 4; S1A Fig). This activity was absent for the DTC mutants (Fig 1C Lanes 8, 10, 13, 15 and Fig 1D Lanes 3 
and 5). Interestingly, DTX auto-modification is enhanced with these DTC mutants, demonstrating that ADPr-Ub reactions 
efficiently outcompete DTX auto-ubiquitination in WT proteins.

Taken together, this data suggests that the RING-DTC domain of DTX2 and DTX3L possess the ability to preferentially 
modify ADPr peptides, but do not discriminate the amino acids through which ADPr is linked.

ADPr hydrolases efficiently remove ADPr-Ub

ADPr and ubiquitination are reversable PTMs. Each system has developed a set of enzymes that are responsible for their 
efficient reversal. In humans, ADPr reversal is carried out by two families of proteins—the ARHs and hydrolytic macro-
domains [16]. While the specificity of these hydrolases for individual amino acid-ADPr linkages is well characterized, it is 
less clear whether ADPr hydrolase capabilities extend to the removal of ADPr-Ub. Serine-linked ADP-ribose is reversed 
by ARH3 [47] while glutamate-linked ADP-ribose can be reversed by several hydrolytic macrodomains including MacroD1, 
MacroD2, TARG1, PARP9 macrodomain 1, and PARP14 macrodomain 1 [15,48–51]. In vitro data has also suggested 
ARH3 can reverse Glu-ADPr [52]. Previous data has shown that none of these hydrolases can cleave the ADPr-Ub bond 
[28]. To determine if each hydrolase can remove ADPr-Ub en bloc from peptides, we first produced ADPr-Ub on both 
PARP1-Glu-ADPr and H2B-Ser-ADPr peptides using DTX2-RD. We then treated these samples with different hydrolases 
to determine which could efficiently reverse ADPr-Ub (S2A Fig). Glu-ADPr-Ub was efficiently reversed by ARH3, MacroD1, 
MacroD2, and PARP9 macrodomain 1 while the hydrolytic activity on Glu-ADPr-Ub by TARG1 and PARP14 macrodomain 
1 was weak (Fig 2A). Glu-ADPr-Ub was not reversed by ARH1, the hydrolase previously shown to be active specifically 
on Arg-ADPr [53] or by ARH2 or PARP14 macrodomain 2 which have not been shown to possess hydrolytic activity [2]. 
Glu-linked ADPr-Ub was also reversed by SARS2 Mac1, the hydrolytic macrodomain within SARS-CoV-2 non-structural 
protein 3 (Nsp3) which has been shown to demonstrate Glu-ADPr hydrolytic activity [49]. Both Ser-ADPr-Ub and  
Glu-ADPr-Ub were reversed by hydroxylamine treatment (NH

2
OH) which attacks the ester bond of Glu-ADPr but also the 

ester linkage between ADPr-Ub releasing free ubiquitin instead of ADPr-Ub and thus producing a slightly faster-moving 
ubiquitin blot signal (Fig 2A and 2B). Ser-ADPr-Ub on the other hand was specifically reversed by ARH3 which is the only 
described ADPr-hydrolase that is able to hydrolyze the Ser-linked ADPr (Fig 2B) [47]. To ensure the lack of reversal was 
not due to inactive proteins, we tested the activity of PARP14 MD1, SARS2 Mac1, and TARG1 to reverse Glu-ADPr from 
a peptide substrate (S2B Fig). Similarly, we show that ARH1 is active through reversal of Arg-ADPr model substrate (S2C 
Fig). Finally, we show that PARG is active on poly(ADP-ribosyl)ated PARP1 (S2D Fig).

In addition to hydroxylamine treatment, ADPr-Ub can potentially be reversed by certain DUBs. To determine if DUBs 
could also reverse ADPr-Ub, we treated Glu-ADPr-Ub with Cezanne (a DUB specific for K11 linked ubiquitin) [54], USP2 
(a non-specific DUB) [55], and active and inactive PLpro (the SARS-CoV-2 protease found in NSP3) [28]. USP2 could 
efficiently reverse Glu-ADPr-Ub. PLpro also exhibited some activity on ADPr-Ub while Cezanne and inactive PLpro did not 
reverse the ubiquitination on Glu-ADPr (Figs 2C and S2E).

Together, this data suggests that ADPr-Ub can be efficiently removed en bloc by several ADP-ribosyl hydrolases 
provided that the peptide-ADPr linkage fits their substrate specificity. Alternatively, as certain DUBs displayed activity on 
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ADPr-Ub, hydrolysis could begin with DUBs and be followed by a specific ADPr hydrolase to achieve complete ADPr-Ub 
removal.

RING-UIM E3 ligases can extend ubiquitin chains on ADPr-Ub

Recently, it was shown that RNF114 can act as a reader of ADPr-Ub and further extend ADPr-Ub with K11 linked 
poly-ubiquitin chains [29]. RNF114, together with RNF125, RNF138 and RNF166, is a member of the RING-UIM family 
of ubiquitin ligases that is characterized by an N-terminal C3HC4 RING domain, three Zinc finger (ZnF) domains and a 
C-terminal ubiquitin-interacting motif (UIM). Modeling and functional data suggested that ZnF2-3 together with the UIM 
are binders of ADPr-Ub [29]. More recently, this was confirmed for RNF114 and another member of the family RNF166 
[34,39]. Given that RNF138 and RNF166 were significantly enriched by a biotin-ADPr-Ub probe [29], we compared all 
four RING-UIM E3 ligases for their ability to extend ubiquitin chains on the model ADPr-Ub substrate. Using a biotin-Ub 
or biotin-ADPr-Ub probe that was previously used to identify RNF114 as a ADPr-Ub binder [29], we saw that RNF114 
along with RNF138 and RNF166 could efficiently elongate the ubiquitin chains with a preference for the ADPr-Ub probe 
over auto-ubiquitination (Figs 3A and S3A). RNF125 displayed auto-ubiquitination but failed to display any ubiquitin chain 
extension on the ADPr-Ub probe. We also observed that RNF114 and RNF166 form protein free poly-ubiquitin chains, 
similar to what was previously seen [29,39]. Finally, to check whether ubiquitin chain extension by RNF114 has an 
ADPr-Ub amino acid preference, we performed ADPr-Ub chain extension on Glu-ADPr-Ub and Ser-ADPr-Ub peptides. 
As seen with the biotin-ADPr-Ub probe, RNF114 could efficiently extend ubiquitin chains on both peptides (Figs 3B, 3C, 
and S3B). Furthermore, we confirmed that full-length RNF114 is required for extension. The RNF114 ZnF2-3 + UIM, the 
ADPr-Ub binding domain, could not extend ubiquitin chains on ADPr-Ub, nor could RNF114 RING-ZnF1 or RNF114 with a 
deletion of the UIM domain. This data, consistent with our previous work, supports that the binding of RNF114 to ADPr-Ub 
is a requirement for ubiquitin chain elongation.

DTX2 drives recruitment of RING-UIM E3 ligases to sites of damage

ADPr is one of the earliest detectable PTMs at sites of DNA damage. Previously, RNF114 was suggested to be recruited 
to DNA breaks through an interaction with mono- or poly-ADPr [40,42]. However, our recent work challenged this, 

Fig 2.  ADPr-Ub is efficiently reversed by ADP-ribosylhydrolases. (A) PARP1 Glu-ADPr and (B) biotin-H2B Ser-ADPr peptides ubiquitinated by 
DTX2-RD are further treated with various ADPr-hydrolases and (C) deubiquitinases. All reactions contain E1, UbcH5b, Ub, MgCl

2
, ATP. ADP-ribosylated 

peptides were detected with antibodies for ubiquitin or poly/mono-ADPr, or neutravidin800. ADPr-Ub on peptide substrates are indicated as pep-ADPr-Ub 
on the merged images.

https://doi.org/10.1371/journal.pbio.3003747.g002
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Fig 3.  RING-UIM E3 ligases can extend ubiquitin chains on ADPr-Ub. (A) Biotin-ADPr-Ub or biotin-Ub elongation by RING-UIM E3s. (B) ADPr-Ub 
elongation on Glu-ADPr and (C) biotin-Ser-ADPr peptides by RNF114 variants. All reactions contain E1, UbcH5b, Ub, MgCl

2
, ATP. ADP-ribosylated pep-

tides were detected with antibodies for ubiquitin or poly/mono-ADPr, or Neutravidin800. ADPr-Ub on peptide substrates are indicated as pep-ADPr-Ub 
on the merged images.

https://doi.org/10.1371/journal.pbio.3003747.g003



PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 8 / 19

suggesting that it was instead an interaction with ADPr-Ub that drives the recruitment of RNF114 to break sites [29]. 
Loss of either the ZnF2-3, which bind ADPr, or the UIM was sufficient to inhibit recruitment of RNF114 to break sites. 
Given this, we wanted to determine if loss of DTX2 or DTX3L which catalyze ADPr-Ub would modulate the recruitment 
of RNF114 to break sites. Comparing the recruitment of YFP-RNF114 to sites of damage in DTX2 or DTX3L knockout 
U2OS cells (S4A Fig) to their WT counterpart, we saw that there was a marked reduction in YFP-RNF114 accumulation 
at breaks in DTX2KO cells (Figs 4A, 4B, and S4B). Moreover, we saw that loss of DTX2 reduced the recruitment of the 
minimal ADPr-Ub binding domain of RNF114 (Znf2-3+UIM) in a similar way, with recruitment in DTX3LKO cells reaching 
similar levels as that of WT cells (Figs 4C, 4D, and S4C). Next, we treated both WT and DTX2KO cells with olaparib to 
inhibit ADPr production at sites of damage. Inhibition of PARP1 and PARP2, the major producers of ADPr at break sites, 
abolished RNF114 recruitment in both WT and in DTX2KO cells (Figs 4E, 4F, and S4D). Importantly, we compared ADPr 
signals after DNA damage induction in DTX2KO and DTX3LKO cells by western blotting. Here we did not observe any 
notable changes in the pattern of ADPr with three different ADPr antibodies suggesting reduced RNF114 recruitment in 
DTX2KO cells is not due to significant changes in ADPr signaling (S4E Fig). Together, this confirms that the ADPr activity 
of PARP1/2 is essential for the recruitment of RNF114, and that there is an added level of specificity and binding affinity 
where DTX2 rather than DTX3L is required for the production of ADPr-Ub at sites of damage.

As our in vitro data showed that recombinant DTX2 RING-DTC domain do not show a preference for either Ser- or 
Glu-linked ADPr, we wanted to assess whether there is any specificity in cells. For this, we compared the recruitment of 
RNF114 in WT or HPF1KO cells where the major form of DNA damage-associated ADPr is Ser- or Glu-linked, respectively 
(Figs 4G, 4H, and S4F). HPF1 is essential for synthesis of serine-linked ADPr in cells [7,43]. Here, we saw that there was 
no significant difference in YFP-RNF114 recruitment in WT or HPF1KO cells, suggesting that in a cellular context,  
serine-linked ADPr-Ub is not a major or dominant driver of recruitment.

As RNF138 and RNF166 demonstrated a similar ability to extend Ub chains on ADPr-Ub as RNF114 and contain a 
ZnF2-3 + UIM domain for ADPr-Ub binding, we compared their recruitment to sites of damage in WT or DTX2KO cells. 
Here, as with RNF114, we saw a dependency on DTX2 to drive efficient recruitment of RNF138 (Figs 4I, 4J, and S4G) 
and RNF166 (Figs 4K, 4L, and S4H) to sites of DNA damage.

Finally, to confirm the recruitment of RNF114 to sites of DNA damage is reliant on the production of ADPr-Ub by DTX2, we 
complemented DTX2KO cells with YFP-DTX2 WT or the DTC mutant E608R. While DTX2 WT efficiently restored RNF114 
recruitment to levels observed in WT cells, the DTC mutant failed to restore RNF114 recruitment (Figs 4M, 4N, and S4I 
Importantly, DTX2 E608R still efficiently recruited to sites of damage, suggesting that reduced RNF114 recruitment to breaks 
is due to deficiency in the catalytic activity of this mutant and not due to reduced DTX2 recruitment to sites of damage.

Together, this data suggests that ADPr-Ub at the sites of DNA damage is initiated by PARP1/2 mediated ADPr which 
is subsequently extended in a DTX2 dependent manner to form ADPr-Ub and this dual PTM acts to recruit three different 
RING-UIM E3 ligases to sites of DNA damage.

Discussion

The recent discovery of ADPr-Ub [3,26,28] has opened a new area of research at the intersection between ADPr and 
ubiquitin signaling. Recent efforts from a number of groups have aimed at trying to develop tools that will allow for the clar-
ification of ADPr-Ub specificity, the identification of readers and erasers and the phenotypic consequences of ADPr-Ub in 
cellular systems [29–31,34–36,39].

What has emerged is the beginning of a complicated signaling system that has the potential to be regulated at different 
levels. Initiation occurs with ADPr of substrates, which is then ubiquitinated by the Deltex family of ubiquitin ligases [28] 
and this dual PTM can then be further extended by certain members of the RING-UIM E3 ligase family to produce K11-
linked ubiquitin chains [29,39], with the potential for different linkages beyond K11 [3]. Given this complexity, it is important 
to clarify the mechanistic details of this signaling pathway which will facilitate deeper physiological exploration.
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Fig 4.  DTX2-dependent ADPr-Ub drives recruitment of RING-UIM E3 ligases to sites of damage. (A) Representative confocal images and (B) 
recruitment kinetics of full-length YFP-RNF114 recruitment to sites of DNA damage induced by 405 nm irradiation in U2OS WT (Black), DTX2KO (Red), 
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The first cellular sites of ADPr-Ub were recently identified in the context of the DNA damage response with the modifi-
cation found on PARP1 and core histone proteins [36]. Here, ADPr-Ub was found on serine residues, aligning with what is 
known about ADPr in DNA repair where serine residues are the major ADPr acceptors [8] and the previous demonstration 
that serine sites on histones are modified by DTX2 in vitro [28]. Knowing this, we used one of these DNA damage- 
inducible sites as a model substrate to reconstitute biochemical reactions using recombinant proteins to assess spec-
ificity. In addition to Histone H2B S6, we also assessed a Glu-ADPr site of PARP1, E491, which is a major acceptor of 
ADPr after DNA damage induction and was recently identified in cells as a result of improvements in the preservation of 
ester-linked ADPr making it more amenable for mass spectrometry [12,13,15,44]. Our work using the minimal catalytic 
fragments of Deltex recombinant enzymes required to perform ADPr-Ub, the RING-DTC, from DTX2 and DTX3L which 
represent the two different subgroups within the Deltex family [24], show that they may not display efficient discrimination 
between Ser- and Glu-linked ADPr sites in vitro (Figs 1 and S1).

Deltex ubiquitin ligases can perform both ADPr-Ub and direct auto-ubiquitination. Comparing WT and DTC ADPr- 
binding deficient mutants of DTX2 and DTX3L [32], we observed an increase in auto-ubiquitination and a complete 
absence of ADPr-Ub production when the DTC was mutated (Fig 1C and 1D) supporting the notion that the DTC domain 
preferentially directs the activity of the RING domain towards modifying ADPr substrates.

To date, the reversal of ADPr-Ub has not been thoroughly investigated. In this current report, we confirm this activity on 
the physiologically relevant H2B Ser6 site, showing that ADPr-Ub can be removed en bloc by ARH3 This result is compat-
ible with the structure of ARH3 that suggests the accessible active site of ARH3 can accept adducts on the ADPr proximal 
ribose group [28,56]. Given that ARH3 is the only reported ADP ribosylhydrolase with activity against serine-ADPr [47], it 
is not surprising that ADPr-Ub can only be removed en bloc by ARH3 (Fig 2B). Our data also shows that the majority of 
Glu-targeting ARHs can at least to some extent hydrolyze Glu-ADPr-Ub on a peptide derived from the PARP1 automodi-
fication domain (Fig 2A). Thus, while the ubiquitin component of the modification can be removed by several human, viral 
and bacterial DUBs or proteases (Fig 2C, [28,39]) and the subsequent mono-ADPr reversed by ADPr hydrolases, our data 
suggests that this intermediate protease step may not always be required for certain macrodomains or ARH3 to reverse 
ADPr-Ub en bloc.

Initial reports have suggested that ubiquitination of ADPr by the Deltexes can be a priming event for further elonga-
tion of ubiquitin chains with RNF114 being shown to extend K11 linked ubiquitin chains on ADPr-Ub [29]. In this report, 
we show that two additional RNF114-like E3 ligases, RNF138, and RNF166, can extend ubiquitin chains on ADPr-Ub 
(Fig 3A). As supported by a recent report from Cohen and Pruneda [39], RNF114, RNF138, and RNF166 show prefer-
ential extension of Ub chains on ADPr-Ub compared to Ub (Fig 3B and 3C). Notably, ADP-Ub extension activity was not 
displayed by the final family member RNF125, despite it showing auto-ubiquitination activity and possessing the same 
domain architecture.

or DTX3LKO (Blue) cells. (C) Representative confocal images and (D) recruitment kinetics of YFP-RNF114 ZnF2-3 + UIM recruitment to sites of DNA 
damage induced by 405 nm irradiation in U2OS WT (Black), DTX2KO (Red), or DTX3LKO (Blue) cells. (E) Representative confocal images and (F) 
recruitment kinetics of full-length YFP-RNF114 recruitment to sites of DNA damage induced by 405 nm irradiation in U2OS WT (Black) or DTX2KO 
(Red) treated or not with 1 μM Olaparib. (G) Representative confocal images and (H) recruitment kinetics of full-length YFP-RNF114 recruitment to sites 
of DNA damage induced by 405 nm irradiation in U2OS WT (Black) or HPF1KO (Purple) cells. (I) Representative confocal images and (J) recruitment 
kinetics of full length YFP-RNF138 recruitment to sites of DNA damage induced by 405 nm irradiation in U2OS WT (Black) or DTX2KO (Red) cells. 
(K) Representative confocal images and (L) recruitment kinetics of full-length YFP-RNF166 recruitment to sites of DNA damage induced by 405 nm 
irradiation in U2OS WT (Black) or DTX2KO (Red) cells. (M) Representative confocal images and (N) recruitment kinetics of full-length mCherry-RNF114 
recruitment to sites of DNA damage induced by 405 nm irradiation in U2OS WT (Black), DTX2KO (Red) cells, and DTX2KO cells complemented with 
YFP-DTX2 WT (Blue) or E608R (Green). For all images, Scale bar, 5 µm. Data is representative of at least 3 independent replicates. Curves show 
mean ± s.e.m. of between 8 and 20 cells per condition. P values were obtained using an unpaired Student t test with Bonferroni correction (ns, not signifi-
cant, **P < 0.01,****P < 0.001). The data for this figure can be found at https://www.ebi.ac.uk/biostudies/studies/ S-BIAD2514.

https://doi.org/10.1371/journal.pbio.3003747.g004

https://www.ebi.ac.uk/biostudies/studies/
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In our in vitro work we used a simplified representation of DTX proteins utilizing the minimal fragment required for 
ADPr-Ub (RING-DTC); however, we recognize the possibility that full-length DTX protein containing the additional 
domains (e.g., KH or WWE) [27,28] may increase the specificity and efficiency of this modification. To assess this as well 
as the potential wider contributions to specificity from the cellular environment and protein complexes, we investigated the 
role of Deltexes and ADPr-Ub at sites of DNA damage in cells. Initial reports have suggested that ADPr-Ub can be found 
on DNA damage-induced Ser-ADPr sites, specifically histones and PARP1 [36]. While RNF114, RNF138 and RNF166 
have been reported to recruit to damage [40,57,58], with RNF114 recruitment known to rely on ADPr-Ub binding [29], 
our data here revealed that the recruitment of these E3 ligases is reliant on DTX2-dependent ADPr-Ub as loss of DTX2 
greatly reduced the recruitment of full-length, or the ADPr-Ub binding domains, of these E3 ligases to sites of damage (Fig 
4). Furthermore, complementation of a DTC mutant of DTX2 that cannot complete the ADPr-Ub reaction fails to rescue 
RNF114 recruitment to sites of damage. The recruitment of RNF138 is aligned with its proposed roles in the DDR and with 
previous data showing that the loss of ZNF2/3 reduce its recruitment to sites of damage, similar to what was observed 
for RNF114 [29,57]. However, the same was not observed upon loss of DTX3L, suggesting that DTX2 may be the major 
regulator of ADPr-Ub in a DNA damage context. This is fitting to what is known about DTX2, with it being a nuclear protein 
with previous links to DNA repair [33,45].

The recruitment of RNF114 to sites of DNA damage was suggested to rely on HPF1-dependent mono-Ser-ADPr, 
where overexpression of HPF1 resulted in an increase in RNF114 recruitment to DNA breaks [40]. Importantly, we did not 
observe changes to RNF114 recruitment in WT or HPF1KO cells where the major form of DNA damage induced ADPr is 
Ser- and Glu-, respectively (Fig 4G and 4H) [8]. This suggests that serine-linked ADPr may not be the dominant modifica-
tion site for DTX2-dependent modification, which is required for RNF114 recruitment. Thus, our data suggests a surprising 
twist highlighting the importance of Glu/Asp-ADPr or even DNA-ADPr or Tyrosine linked-ADPr at sites of damage as a 
means of redundancy [59–62].

Altogether, our data clarifies several important aspects of ADPr-Ub signaling in DDR; DTX2 catalyzes the production 
of ADPr-Ub at sites of damage that can act as a binding platform for specific readers of the hybrid modification and that 
the production of ADPr-Ub and that the production of ADPr-Ub is not reliant on HPF1 dependent Ser-ADPr. The data here 
also provides a platform and directions for more efficient research in the future on this emerging and complex signaling 
pathway [3,26].

Methods

Cloning

Constructs were generated using standard polymerase chain reaction (Q5 High-Fidelity DNA polymerase (NEB)) and ver-
ified by Sanger sequencing. RNF125, RNF138, RNF166 sequences codon-optimized for Escherichia coli were obtained 
from GenScript. Full-length RNF125, RNF166, and RNF138 (10-245) were cloned into a modified pGEX4T-3 vector with 
an N-terminal GST tag followed by a TEV cleavage site [32]. Full length or truncated RNF114, RNF138, and RNF166 
were cloned into pDEST-YFP [63] or pDEST-CMV-N-mCherry [64]. Full-length DTX2 was cloned into pDEST-YFP and the 
E608R mutation was made using site-directed mutagenesis (Agilent). Constructs for UBA1 (Addgene #34965), UbcH5B, 
RNF114 [29], DTX2(390-C) [28], DTX3L(544-C) [28], ARH1, ARH2, ARH3, hTARG1, MacroD1, MacroD2, PARG, PARP9 
MD1 [49], PARP14 MD1 [49], PARP14 MD2 [49], SARS-CoV-2 (SARS2) Mac1, Cezanne (Addgene #61581, [65]), USP2, 
PLPro [28] were described previously.

Protein expression and purification

GST-tagged RNF114/125/138/166 were expressed in E. coli Rosetta 2 (DE3) pLysS (Novagen). Cultures were grown in LB 
medium with appropriate antibiotic at 37 °C. After reaching OD

600
 of 0.6–0.8, 0.2 mM isopropyl-β-D-1-thiogalactopyranoside 

and 0.1 mM ZnCl
2
 were added, and cultures were grown at 18 °C for 16–18 h. Cells were harvested and resuspended in 
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buffer A (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM DTT) and supplemented with 0.2 mM phenylmethylsulfonyl fluoride. 
The resuspended cells were lysed by sonication and cleared by high-speed centrifugation at 39,800  g for 1 h at 4 °C. The 
cleared lysate was incubated with Glutathione sepharose resin (Cytiva), washed in buffer A, and eluted in buffer B (50 mM 
Tris-HCl pH 8.5, 500 mM NaCl, 5 mM DTT, 10 mM glutathione). Eluate was subjected to size exclusion chromatography on a 
Superdex 200 column (GE Healthcare) pre-equilibrated in 25 mM HEPES Na pH 7.5, 150 mM NaCl, and 1 mM DTT. Relevant 
fractions were pooled and concentrated using Amicon ultra centrifugal devices (Merck). Protein concentrations were mea-
sured by absorbance at 280 nm on Nanodrop (DeNovix) and calculated based on molar extinction coefficient. Proteins were 
kept in small aliquots, frozen in liquid N

2
, and stored in −70 °C.

Protocols for generating UBA1, UbcH5B, His-RNF114 and variants, DTX2(390-C), DTX3L(544-C), ARH1, ARH2, ARH3, 
hTARG1, MacroD1, MacroD2, PARG, PARP9 MD1, PARP14 MD1, PARP14 MD1 G832E, PARP14 MD2, SARS-CoV-2 
Mac1, Cezanne, USP2, PLPro, and PARP1 were described previously [9,15,28,29,47,49,56,66,67].

ADPr-Ub reaction

Fifty µM ADP-ribosylated peptides (Table 1) were incubated with 0.5 µM human UBA1, 2.5 µM UbcH5B, 10 µM ubiqui-
tin, and 2 µM Deltex enzymes (wild-type or mutant His-DTX2-RING-DTC (390-C) or His-DTX3L-RING-DTC (544-C), as 
indicated) in 50 mM Tris HCl pH 8.0, 50 mM NaCl, 2.5 mM MgCl

2
, 2.5 mM ATP, at 37 °C for 30 min. For S1B Fig, 50 mM Tris 

HCl pH 8.0 was replaced with 50 mM HEPES Na pH 7.5. For hydrolase treatment (Fig 2), 1 µM of the indicated hydrolases 
were added, except for Cezanne (100 nM), PLPro wild-type and mutant (5 µM), and hydroxylamine (1 M). Hydrolysis was 
carried out at 37 °C for 30 min. Reactions were quenched with 3× LDS + 150 mM DTT and incubated at room temperature 
for 10 min. Synthetic ADPr-Ub for extension by RNF114 and its paralogues was made as previously described [29].

Samples were resolved with SDS-PAGE (4%–12% Bis–Tris gel, MES running buffer (Invitrogen)) at 150 V, transferred 
onto nitrocellulose membrane (Biorad TransBlot Turbo), and blocked with 5% BSA in 0.1% PBS-Tween 20 (PBST). The 
membrane was incubated with primary antibodies: mouse monoclonal anti-Ub (P4D1) (Santa Cruz Biotechnology sc- 
8017), poly/mono-ADP ribose (D9P7Z) rabbit mAb (Cell Signaling Technology #89190), overnight at 4 °C followed by 
secondary Li-Cor goat-anti mouse IRDye 680, goat-anti rabbit IRDye 800 (Li-Cor Bioscience), NeutrAvidin 800 (Thermo 
Fisher). Membranes were washed in PBST and scanned using Li-Cor Odyssey CLx imager.

ADPr-peptide synthesis

The general procedures for solid-phase synthesis of Biotin-PEG3-H2B-S6-ADPr were followed as described by 
Voorneveld and colleagues [68] starting from Tentagel S AC resin (50 μmol scale). Following peptide elongation, Fmoc-
PEG

3
-OH (5 eq.) was dissolved in DMF (0.5 M) after which O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU, 5 eq.) and diisopropylethylamine (DIPEA, 10 eq.) were added, and the mixture was shaken 
for 3 min. This activated carboxylic acid was added to the resin (1 eq.), and the mixture was shaken for 1 h. The resin 
was washed with DMF, after which the Fmoc was deprotected by the addition of 20% v/v piperidine in DMF at 25 °C for 
2 × 10 min, followed by extensive washing with DMF. Biotin (5 eq.) was dissolved in DMSO (0.5M) after which HCTU (5 

Table 1.  Peptide used in this study.

Name Sequence Source

H2B-S6 H
2
N-PAKSAPAPKKG-CO

2
H Thermo Fisher

H2B-S6-ADPr Ac-PAKS[ADPr]APAPKKG-CONH
2

This Study

Biotin-H2B-S6-ADPr biotin-PEPAKS[ADPr]APAPKKGSK-CO
2
H This Study

PARP1-E491 H
2
N-AAPVEVVAPR-CO

2
H Thermo Fisher

PARP1-E491-ADPr H
2
N-AAPVE[ADPr]VVAPR-CONH

2
This Study

https://doi.org/10.1371/journal.pbio.3003747.t001
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eq.) and DIPEA (10 eq.) were added, and the mixture was shaken for 3 min. The activated biotin was added to the resin 
after which the mixture was shaken for 1 h, followed by extensive washing with DMF, DCM, and Et

2
O. The ADP-ribose was 

installed on-resin and the product was cleaved off the resin and purified as described [68]. PARP1-E491-ADPr peptide 
was prepared as described by Tashiro and colleagues [52].

ADPr-Ub elongation reaction

For Fig 3B and 3C: 50 µM ADP-ribosylated peptides were incubated with 0.5 µM human UBA1, 2.5 µM UbcH5B, 
10 µM ubiquitin, 2 µM His-DTX2-RING-DTC (390-C), and 1 µM of His-RNF114 wild-type or mutants in 50 mM 
Tris HCl pH 8.0, 50 mM NaCl, 2.5 mM MgCl

2
, 2.5 mM ATP, at 37 °C for 30 min. Reactions were quenched with 3× 

LDS + 150 mM DTT and incubated at room temperature for 10 min. Samples were resolved with SDS-PAGE and 
western blot as described above.

Biotin-ADPr-Ub elongation reaction

For Fig 3A: 5 µM of biotin-ADPr-Ub probe [29] or biotin-Ub were incubated with 0.5 µM human UBA1, 2.5 µM UbcH5B, 
10 µM ubiquitin, 2 µM His-DTX2-RING-DTC (390-C), and 0.5 µM of GST-RNF114, GST-RNF125, GST-RNF138 (10-245), 
or GST-RNF166 in 50 mM Tris HCl pH 8.0, 50 mM NaCl, 2.5 mM MgCl

2
, 2.5 mM ATP, at 37 °C for 30 min. Reactions were 

quenched with 3× LDS + 150 mM DTT and incubated at room temperature for 10 min. Samples were resolved with SDS-
PAGE and western blot as described above.

Cell culture and live-cell imaging

Cell culture and live-cell imaging was completed as previously described [29]. Briefly, human U2OS osteosarcoma  
(American Type Culture Collection (ATCC HTB-96) WT, DTX2KO, DTX3LKO, [69] or HPF1KO [70] cells were cultured in 
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Gibco) and  
penicillin-streptomycin (100 U/ml; Gibco) in a humidified atmosphere at 37°C with 5% CO

2
. Cells were plated on an eight-

well μ-slide glass bottom chamber slide (ibidi) and transfected with an expression plasmid for YFP-RNF114 WT, YFP-
RNF114 Znf2-3 + UIM (amino acid 140−228 of RNF114), RNF138, RNF166 or YFP-RNF166 ZnF2-3 + UIM (amino acids 
149−237 of RNF166), mCherry-RNF114 or YFP-DTX2 using TransIT-LT1 Transfection Reagent (Mirus Bio), according 
to the manufacturer’s instructions. Cells were incubated for 48 hours prior to imaging. For cell sensitization before laser 
irradiation at 405 nm, growth medium was aspirated from the chamber slide and replaced with fresh medium containing 
Hoechst 33342 (0.3 μg/ml). Immediately before imaging, the Hoechst-containing medium was replaced with imaging 
media (phenol red–free Leibovitz’s L-15 medium (Life Technologies) supplemented with 20% FBS, penicillin (100 μg/ml), 
and streptomycin (100 U/ml)). Live-cell microscopy was carried out on an Olympus IX-83 inverted microscope equipped 
with a Yokogawa SoRa superresolution spinning-disk head, a UPlanAop 60×/1.5 numerical aperture oil-immersion objec-
tive lens and a Prime BSI scientific complementary metal-oxide semiconductor camera. The fluorescence of YFP and 
mCherry was excited with 488-nm and 561-nm solid-state lasers, respectively, and fluorescence detection was achieved 
with band-pass filters adapted to the fluorophore emission spectra. Laser microirradiation at 405 nm was performed along 
a 15-μm line through the nucleus for 250 ms using a single-point scanning head (Olympus cellFRAP) coupled to the epiflu-
orescence backboard of the microscope. To ensure reproducibility, laser power at 405 nm was measured at the beginning 
of each experiment and set to 110 μW at the sample level. For time course experiments, images were collected every 5 s. 
For the live-cell imaging experiments, cells were maintained at 37 °C with a heating chamber. Protein accumulation at 
sites of damage (Ad) was then calculated as:

	
Adamage =

Idamage – Ibackground
Inucleus – Ibackground 	
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The accumulated protein at the damage (Ad) is a measure of the intensity (I) at the sites of damage over the intensity 
of the entire nucleus, with subtracted background intensity. The intensity within the microirradiated area was then normal-
ized to the intensity before damage induction. Photoactivated H2B was used as a reference to indicate where irradiation 
had occurred.

For PARPi treatment, cells were incubated with 1 μM Olaparib (Stratech Scientific) for 1 h prior to imaging.
DTX2KO cells were made as previously described [30]

Cell lysis and western blotting

Cell lysis and western blotting was completed as previously described [49,71]. Briefly, cells were scrapped in PBS and 
pelleted at 300 g for 5 min at 4 °C. PBS was removed and cells were lysed with Triton-X buffer (1% Triton X-100, 100 mM 
NaCl and 50 mM Tris-HCl, pH 8.0, 5 mM MgCl

2
, 0.1% Benzonase (Sigma Aldrich), 1× protease inhibitor (Roche) on ice for 

30 min. Protein samples were quantified using Bradford (BioRad) and equal amounts of protein were boiled in 1× NuPAGE 
LDS sample buffer (Invitrogen) with 60 mM DTT (Sigma-Aldrich) and resolved on NuPAGE Novex 4%–12% bis-tris gels 
(Invitrogen) in 1× NuPAGE MOPS SDS Running Buffer (Invitrogen) at 150 V. Proteins were transferred onto nitrocellulose 
membranes (Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were stained with Ponceau S 
Staining Solution (Thermo Fisher Scientific) to check the transfer quality, rinsed with water, and blocked in 5% (w/v) nonfat 
dried milk in PBS buffer with 0.1% (v/v) Tween 20 (PBST) for 1 hour at room temperature. This was followed by overnight 
incubation with primary antibody as indicated (Table 2) at 4 °C. The next day, membranes were washed in PBST and 
incubated with HRP-conjugated antibodies at room temperature for 1 hour. Membranes were visualized on Hyperfilm ECL 
films (Cytiva) after adding Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific).

For DNA damage induction, cell media was replaced with media containing 2 mM H
2
O

2
 for 10 min prior to collection.

ADP-ribosylhydrolase activity assays

The ADPr-peptides, including arginine- and glutamate-linked ADP-ribosylated substrates used in S2B and S2C Fig for 
hydrolytic activity analysis, were previously described [72]. The previously established adenosine monophosphate (AMP)-
Glo assay was used to analyze the hydrolytic activities of selected mono-ARHs proteins via luminescent detection of 

Table 2.  Antibodies used in this study.

Target Host Company Reference Dilution in WB

PARP1 Rabbit Abcam Ab32128 1:5,000

DTX2 Rabbit Novus NBP2-13941 1:1,000

DTX3L Rabbit Santa Cruz Sc-100627 1:150

HPF1 Rabbit Novus NBP1-93973 1:1,000

H3 Rabbit Millipore 07-690 1:10,000

PAR-ADPr Rabbit Merck MABE1031 1:1,000

β-tubulin Rabbit Abcam Ab6046 1:5,000

Poly/mono-ADPr (D9P7Z) Rabbit Cell Signaling CST-89190 1:1,000

HRP conjugated anti-Mono-ADPr – Biorad AbD43647 1:10,000

HRP-conjugated anti-mouse Goat Agilent P0447 1:3,000

HRP-conjugated anti-rabbit Swine Agilent P0399 1:3,000

Ub (P4D1) Mouse Santa Cruz sc-8017 1:1,000

Goat anti-mouse IgG secondary (680RD) Goat Li-Cor Bioscience 926-68070 1:20,000

Goat anti-rabbit IgG secondary (800CW) Goat Li-Cor Bioscience 926-32211 1:20,000

NeutrAvidin DyLight 800 – Thermo Fisher 22853 1:20,000

https://doi.org/10.1371/journal.pbio.3003747.t002
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ADP-ribose [52]. Briefly, hydrolytic assays were conducted using 10 µM ADP-ribosylated substrates and 500 nM hydrolase 
in reaction buffer containing 50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 10 mM MgCl

2
, 1 mM DTT, and 0.2 µM Nudix hydro-

lase 5 (NUDT5) for 30 min at 30 °C. Luminescence resulting from hydrolytic reactions was determined using the AMP-Glo 
assay kit (Promega) according to the manufacturer’s protocol. Measurements were performed on a SpectraMax M5 plate 
reader equipped with SoftMax Pro software (Molecular Devices). To account for background, all readings were corrected 
and normalized against reactions containing NUDT5 but lacking hydrolase, providing a baseline for AMP generated from 
substrate turnover. Data analysis was conducted in GraphPad Prism, and values were presented as the mean ± standard 
deviation (s.d.) from three independent replicates.

Poly-ADPr degradation assay were performed as previously described [73]. Briefly, PARP1 automodified using 32P-
NAD+ as a co-substrate was incubated with recombinant PARG. Reaction products were resolved on SDS-PAGE and 
visualized by autoradiography.

Supporting information

S1 Fig. DTX2 and DTX3L modify ADP-ribosylated H2B and PARP1 peptides with ubiquitin. (A) Uncropped SDS-
PAGE of purified recombinant His-DTX2 and His-DTX3L WT and mutant RING-DTC domains. (B) PARP1 Glu-ADPr, H2B 
Ser-ADPr peptides reacted with titrated amounts (0.3, 0.8, 2 µM) of DTX2(RING-DTC) and DTX3L(RING-DTC). Reactions 
in lanes 3–14 contain E1, UbcH5b, Ub, MgCl

2
, ATP. ADP-ribosylated peptides were detected with antibodies for ubiquitin 

or poly/mono-ADPr. ADPr-Ub on peptide substrates are indicated as pep-ADPr-Ub on the merged images.
(PDF)

S2 Fig. Analysis of human ADP-ribosylhydrolases and DUBs. (A) Uncropped SDS-PAGE of purified recombinant 
ADP-ribosylhydrolases used in this study. (B, C) Hydrolytic assays of predefined ADP-ribosylated peptides containing 
glutamate (B) or arginine (C) residues. Enzymes tested include TARG1, SARS-CoV2-Mac1, PARP14 MD1, PARP14 MD1 
catalytic mutant and ARH1. (D) Radioactively labeled polyADPr on automodified PARP1 was incubated with PARG. (E) 
Uncropped SDS-PAGE of purified recombinant deubiquitinases used in this study. Data from this figure can be found in 
S1 Data.
(PDF)

S3 Fig. Purified RNF114/138/166 used in this study. (A, B) Uncropped SDS-PAGE of purified recombinant (A) GST-
tagged RNF114, RNF125, RNF138 (10-245), and RNF166 and (B) His-tagged RNF114 WT and mutants stained with 
Coomassie. Red star indicates purified recombinant full-length protein product.
(PDF)

S4 Fig. Loss of DTX2 or DTX3L does not alter DNA damage-dependent ADPr. (A) western blot analysis of U2OS 
WT, DTX2KO, DTX3LKO, and HPF1KO cells. Blots were probed with the indicated antibodies. H3 was used as a loading 
control. (B–D) Mean intensity recruitment of (B) YFP-RNF114, (C) YFP-RNF114 ZnF2-3 + UIM, (D) YFP-RNF114 in the 
presence and absence of olaparib in WT, DTX2KO, or DTX3LKO cells at 240s post-irradiation. (E) Western blot analysis 
of U2OS WT, DTX2KO, and DTX3LKO cells in the absence (white circles) and presence (black circles) of H

2
O

2
. Blots 

were probed with the indicated antibodies. H3 was used as a loading control. (F–I) Mean intensity recruitment of (F) YFP-
RNF114, (G) YFP-RNF138, (H) YFP-RNF166, or (I) mCherry-RNF114 complemented with YFP-DTX2 WT or E608R in 
WT, DTX2KO, or HPF1KO cells at 240s post-irradiation. For all boxplots, limits correspond to the 25th and 75th percen-
tiles, and the bold line indicates the median value. The whiskers extend 1.5 times the interquartile range. P values were 
calculated using an unpaired two-sided Student t test, assuming unequal variances. The data for this figure can be found 
at https://www.ebi.ac.uk/biostudies/studies/S-BIAD2514 [74].
(PDF)

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s004
https://www.ebi.ac.uk/biostudies/studies/S-BIAD2514


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 16 / 19

S1 Data. ADP-ribosyl hydrolases are active on Glu- and Arg-ADPr. Luminescence data collected for AMP-Glo assays 
in S2 Fig. Data show triplicate raw data and background-subtracted data used in plots.
(XLSX)

S1 Raw Images. Uncropped images of Figs 1, 2, 3, and S1–S4. 
(PDF)

Acknowledgments

We would like to thank Dr. Alan Wainmann and the Dunn School Bioimaging Facility for expert advice and access to 
the microscope. We thank Vasiliki Tsioligka at the Don Mason Facility of Flow Cytometry for help with single-cell sorting. 
We would also like to thank Dr. Joey Riepsaame and the Genome Engineering Oxford (GEO) facility for help with DTX2 
knockout cells.

Author contributions

Conceptualization: Chatrin Chatrin, Gerbrand J. van der Heden van Noort, Dmitri V. Filippov, Dragana Ahel, Rebecca 
Smith, Ivan Ahel.

Funding acquisition: Kang Zhu, Gerbrand J. van der Heden van Noort, Ivan Ahel.

Investigation: Chatrin Chatrin, Kang Zhu, Michael D. R. Simmons, Lucy Maginn, Kira Schützenhofer, Yang Lu, Nina 
Đukić, Rebecca Smith.

Resources: Sven Wijngaarden, Max S. Kloet, Katarzyna Wiktoria Kliza, Gerbrand J. van der Heden van Noort, Dmitri V. 
Filippov.

Writing – original draft: Chatrin Chatrin, Michael D. R. Simmons, Rebecca Smith, Ivan Ahel.

References
	 1.	 Komander D, Rape M. The ubiquitin code. Annu Rev Biochem. 2012;81:203–29. https://doi.org/10.1146/annurev-biochem-060310-170328 PMID: 

22524316

	 2.	 Suskiewicz MJ, Prokhorova E, Rack JGM, Ahel I. ADP-ribosylation from molecular mechanisms to therapeutic implications. Cell. 
2023;186(21):4475–95. https://doi.org/10.1016/j.cell.2023.08.030 PMID: 37832523

	 3.	 Zhu K, Chatrin C, Smith R, Ahel D, Ahel I. Interplay between ubiquitination and ADP-ribosylation and the case of dual modification ADPr-Ub. 
Essays Biochem. 2025:EBC20253040.

	 4.	 Lüscher B, Ahel I, Altmeyer M, Ashworth A, Bai P, Chang P, et al. ADP-ribosyltransferases, an update on function and nomenclature. FEBS J. 
2022;289(23):7399–410. https://doi.org/10.1111/febs.16142 PMID: 34323016

	 5.	 Suskiewicz MJ, Palazzo L, Hughes R, Ahel I. Progress and outlook in studying the substrate specificities of PARPs and related enzymes. FEBS J. 
2021;288(7):2131–42. https://doi.org/10.1111/febs.15518 PMID: 32785980

	 6.	 Vyas S, Matic I, Uchima L, Rood J, Zaja R, Hay RT, et al. Family-wide analysis of poly(ADP-ribose) polymerase activity. Nat Commun. 
2014;5:4426. https://doi.org/10.1038/ncomms5426 PMID: 25043379

	 7.	 Bonfiglio JJ, Fontana P, Zhang Q, Colby T, Gibbs-Seymour I, Atanassov I. Serine ADP-ribosylation depends on HPF1. Molecular Cell. 
2017;65(5):932-40.e6.

	 8.	 Palazzo L, Leidecker O, Prokhorova E, Dauben H, Matic I, Ahel I. Serine is the major residue for ADP-ribosylation upon DNA damage. Elife. 
2018;7:e34334. https://doi.org/10.7554/eLife.34334 PMID: 29480802

	 9.	 Suskiewicz MJ, Zobel F, Ogden TEH, Fontana P, Ariza A, Yang J-C, et al. HPF1 completes the PARP active site for DNA damage-induced  
ADP-ribosylation. Nature. 2020;579(7800):598–602. https://doi.org/10.1038/s41586-020-2013-6 PMID: 32028527

	10.	 Gibbs-Seymour I, Fontana P, Rack JGM, Ahel I. HPF1/C4orf27 Is a PARP-1-interacting protein that regulates PARP-1 ADP-ribosylation activity. Mol 
Cell. 2016;62(3):432–42. https://doi.org/10.1016/j.molcel.2016.03.008 PMID: 27067600

	11.	 Huang D, Kraus WL. The expanding universe of PARP1-mediated molecular and therapeutic mechanisms. Mol Cell. 2022;82(12):2315–34. https://
doi.org/10.1016/j.molcel.2022.02.021 PMID: 35271815

	12.	 Zhang Y, Wang J, Ding M, Yu Y. Site-specific characterization of the Asp- and Glu-ADP-ribosylated proteome. Nature Methods. 2013;10(10):981–4.

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s005
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003747.s006
https://doi.org/10.1146/annurev-biochem-060310-170328
http://www.ncbi.nlm.nih.gov/pubmed/22524316
https://doi.org/10.1016/j.cell.2023.08.030
http://www.ncbi.nlm.nih.gov/pubmed/37832523
https://doi.org/10.1111/febs.16142
http://www.ncbi.nlm.nih.gov/pubmed/34323016
https://doi.org/10.1111/febs.15518
http://www.ncbi.nlm.nih.gov/pubmed/32785980
https://doi.org/10.1038/ncomms5426
http://www.ncbi.nlm.nih.gov/pubmed/25043379
https://doi.org/10.7554/eLife.34334
http://www.ncbi.nlm.nih.gov/pubmed/29480802
https://doi.org/10.1038/s41586-020-2013-6
http://www.ncbi.nlm.nih.gov/pubmed/32028527
https://doi.org/10.1016/j.molcel.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27067600
https://doi.org/10.1016/j.molcel.2022.02.021
https://doi.org/10.1016/j.molcel.2022.02.021
http://www.ncbi.nlm.nih.gov/pubmed/35271815


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 17 / 19

	13.	 Longarini EJ, Matić I. Preserving ester-linked modifications reveals glutamate and aspartate mono-ADP-ribosylation by PARP1 and its reversal by 
PARG. Nat Commun. 2024;15(1):4239. https://doi.org/10.1038/s41467-024-48314-0 PMID: 38762517

	14.	 Tao Z, Gao P, Liu H. Identification of the ADP-ribosylation sites in the PARP-1 automodification domain: analysis and implications. J Am Chem Soc. 
2009;131(40):14258–60. https://doi.org/10.1021/ja906135d PMID: 19764761

	15.	 Sharifi R, Morra R, Appel CD, Tallis M, Chioza B, Jankevicius G, et al. Deficiency of terminal ADP-ribose protein glycohydrolase TARG1/C6orf130 
in neurodegenerative disease. EMBO J. 2013;32(9):1225–37. https://doi.org/10.1038/emboj.2013.51 PMID: 23481255

	16.	 Rack JGM, Palazzo L, Ahel I. (ADP-ribosyl)hydrolases: structure, function, and biology. Genes Dev. 2020;34(5–6):263–84. https://doi.org/10.1101/
gad.334631.119 PMID: 32029451

	17.	 Haas AL, Rose IA. The mechanism of ubiquitin activating enzyme. A kinetic and equilibrium analysis. J Biol Chem. 1982;257(17):10329–37. https://
doi.org/10.1016/s0021-9258(18)34024-9 PMID: 6286650

	18.	 Haas AL, Warms JV, Hershko A, Rose IA. Ubiquitin-activating enzyme. Mechanism and role in protein-ubiquitin conjugation. J Biol Chem. 
1982;257(5):2543–8. https://doi.org/10.1016/s0021-9258(18)34958-5 PMID: 6277905

	19.	 Ciechanover A, Heller H, Katz-Etzion R, Hershko A. Activation of the heat-stable polypeptide of the ATP-dependent proteolytic system. Proc Natl 
Acad Sci U S A. 1981;78(2):761–5. https://doi.org/10.1073/pnas.78.2.761 PMID: 6262770

	20.	 Kelsall IR. Non-lysine ubiquitylation: doing things differently. Front Mol Biosci. 2022;9:1008175. https://doi.org/10.3389/fmolb.2022.1008175 PMID: 
36200073

	21.	 Kelsall IR, Zhang J, Knebel A, Arthur JSC, Cohen P. The E3 ligase HOIL-1 catalyses ester bond formation between ubiquitin and components of 
the Myddosome in mammalian cells. Proc Natl Acad Sci U S A. 2019;116(27):13293–8. https://doi.org/10.1073/pnas.1905873116 PMID: 31209050

	22.	 Wang X, Herr RA, Chua W-J, Lybarger L, Wiertz EJHJ, Hansen TH. Ubiquitination of serine, threonine, or lysine residues on the cytoplasmic tail 
can induce ERAD of MHC-I by viral E3 ligase mK3. J Cell Biol. 2007;177(4):613–24. https://doi.org/10.1083/jcb.200611063 PMID: 17502423

	23.	 Otten EG, Werner E, Crespillo-Casado A, Boyle KB, Dharamdasani V, Pathe C, et al. Ubiquitylation of lipopolysaccharide by RNF213 during bacte-
rial infection. Nature. 2021;594(7861):111–6. https://doi.org/10.1038/s41586-021-03566-4 PMID: 34012115

	24.	 Zhu K, Chatrin C, Suskiewicz MJ, Aucagne V, Foster B, Kessler BM, et al. Ubiquitylation of nucleic acids by DELTEX ubiquitin E3 ligase DTX3L. 
EMBO Rep. 2024;25(10):4172–89. https://doi.org/10.1038/s44319-024-00235-1 PMID: 39242775

	25.	 Dearlove EL, Chatrin C, Buetow L, Ahmed SF, Schmidt T, Bushell M. DTX3L ubiquitin ligase ubiquitinates single-stranded nucleic acids. eLife 
Sciences Publications; 2024.

	26.	 Chatrin C, Zhu K, Ahel I. The rise of ADP-ribose-ubiquitin. Nat Struct Mol Biol. 2025;32(9):1582–5. https://doi.org/10.1038/s41594-025-01651-0 
PMID: 40921856

	27.	 Zhu K, Suskiewicz MJ, Chatrin C, Strømland Ø, Dorsey BW, Aucagne V, et al. DELTEX E3 ligases ubiquitylate ADP-ribosyl modification on nucleic 
acids. Nucleic Acids Res. 2024;52(2):801–15. https://doi.org/10.1093/nar/gkad1119 PMID: 38000390

	28.	 Zhu K, Suskiewicz MJ, Hloušek-Kasun A, Meudal H, Mikoč A, Aucagne V, et al. DELTEX E3 ligases ubiquitylate ADP-ribosyl modification on pro-
tein substrates. Sci Adv. 2022;8(40):eadd4253. https://doi.org/10.1126/sciadv.add4253 PMID: 36197986

	29.	 Kloet MS, Chatrin C, Mukhopadhyay R, van Tol BDM, Smith R, Rotman SA, et al. Identification of RNF114 as ADPr-Ub reader through  
non-hydrolysable ubiquitinated ADP-ribose. Nat Commun. 2025;16(1):6319. https://doi.org/10.1038/s41467-025-61111-7 PMID: 40634336

	30.	 Gorelik A, Đukić N, Smith R, Chatrin C, Suyari O, Matthews J, et al. Ubiquitin pathway blockade reveals endogenous ADP-ribosylation marking 
PARP7 and AHR for degradation. EMBO J. 2026;45(1):261–77. https://doi.org/10.1038/s44318-025-00656-1 PMID: 41326691

	31.	 Bejan DS, Lacoursiere RE, Pruneda JN, Cohen MS. Ubiquitin is directly linked via an ester to protein-conjugated mono-ADP-ribose. EMBO J. 
2025;44(8):2211–31. https://doi.org/10.1038/s44318-025-00391-7 PMID: 40000907

	32.	 Chatrin C, Gabrielsen M, Buetow L, Nakasone MA, Ahmed SF, Sumpton D, et al. Structural insights into ADP-ribosylation of ubiquitin by Deltex 
family E3 ubiquitin ligases. Sci Adv. 2020;6(38):eabc0418. https://doi.org/10.1126/sciadv.abc0418 PMID: 32948590

	33.	 Ahmed SF, Buetow L, Gabrielsen M, Lilla S, Chatrin C, Sibbet GJ, et al. DELTEX2 C-terminal domain recognizes and recruits ADP-ribosylated 
proteins for ubiquitination. Sci Adv. 2020;6(34):eabc0629. https://doi.org/10.1126/sciadv.abc0629 PMID: 32937373

	34.	 Perrard J, Gao K, Ring K, Smith S. Deltex and RING-UIM E3 ligases cooperate to create a ubiquitin-ADP-ribose hybrid mark on tankyrase, promot-
ing its stabilization. Sci Adv. 2025;11(36):eadx7172. https://doi.org/10.1126/sciadv.adx7172 PMID: 40901936

	35.	 Wierbiłowicz K, Yang C-S, Almaghasilah A, Wesołowski PA, Pracht P, Dworak NM, et al. Parp7 generates an ADP-ribosyl degron that controls 
negative feedback of androgen signaling. EMBO J. 2025;44(17):4720–44. https://doi.org/10.1038/s44318-025-00510-4 PMID: 40681873

	36.	 Kolvenbach A, Palumbieri MD, Colby T, Nadarajan D, Bode R, Matić I. Serine ADPr on histones and PARP1 is a cellular target of ester-linked ubiq-
uitylation. Nat Chem Biol. 2025;21(11):1762–72. https://doi.org/10.1038/s41589-025-01974-5 PMID: 40634527

	37.	 Stokes MS, Kim YJ, Kim Y, Koul S, Chiu SP, Dasovich M, et al. NAD () sensing by PARP7 regulates the C/EBPβ-dependent transcription program 
in adipose tissue in vivo. bioRxiv. 2025.

	38.	 Gorelik A, Paulo JA, Schroeter CB, Lad M, Shurr A, Mastrokalou C, et al. CRISPR screens and quantitative proteomics reveal remodeling of the 
aryl hydrocarbon receptor-driven proteome through PARP7 activity. Proc Natl Acad Sci U S A. 2025;122(24):e2424985122. https://doi.org/10.1073/
pnas.2424985122 PMID: 40493189

https://doi.org/10.1038/s41467-024-48314-0
http://www.ncbi.nlm.nih.gov/pubmed/38762517
https://doi.org/10.1021/ja906135d
http://www.ncbi.nlm.nih.gov/pubmed/19764761
https://doi.org/10.1038/emboj.2013.51
http://www.ncbi.nlm.nih.gov/pubmed/23481255
https://doi.org/10.1101/gad.334631.119
https://doi.org/10.1101/gad.334631.119
http://www.ncbi.nlm.nih.gov/pubmed/32029451
https://doi.org/10.1016/s0021-9258(18)34024-9
https://doi.org/10.1016/s0021-9258(18)34024-9
http://www.ncbi.nlm.nih.gov/pubmed/6286650
https://doi.org/10.1016/s0021-9258(18)34958-5
http://www.ncbi.nlm.nih.gov/pubmed/6277905
https://doi.org/10.1073/pnas.78.2.761
http://www.ncbi.nlm.nih.gov/pubmed/6262770
https://doi.org/10.3389/fmolb.2022.1008175
http://www.ncbi.nlm.nih.gov/pubmed/36200073
https://doi.org/10.1073/pnas.1905873116
http://www.ncbi.nlm.nih.gov/pubmed/31209050
https://doi.org/10.1083/jcb.200611063
http://www.ncbi.nlm.nih.gov/pubmed/17502423
https://doi.org/10.1038/s41586-021-03566-4
http://www.ncbi.nlm.nih.gov/pubmed/34012115
https://doi.org/10.1038/s44319-024-00235-1
http://www.ncbi.nlm.nih.gov/pubmed/39242775
https://doi.org/10.1038/s41594-025-01651-0
http://www.ncbi.nlm.nih.gov/pubmed/40921856
https://doi.org/10.1093/nar/gkad1119
http://www.ncbi.nlm.nih.gov/pubmed/38000390
https://doi.org/10.1126/sciadv.add4253
http://www.ncbi.nlm.nih.gov/pubmed/36197986
https://doi.org/10.1038/s41467-025-61111-7
http://www.ncbi.nlm.nih.gov/pubmed/40634336
https://doi.org/10.1038/s44318-025-00656-1
http://www.ncbi.nlm.nih.gov/pubmed/41326691
https://doi.org/10.1038/s44318-025-00391-7
http://www.ncbi.nlm.nih.gov/pubmed/40000907
https://doi.org/10.1126/sciadv.abc0418
http://www.ncbi.nlm.nih.gov/pubmed/32948590
https://doi.org/10.1126/sciadv.abc0629
http://www.ncbi.nlm.nih.gov/pubmed/32937373
https://doi.org/10.1126/sciadv.adx7172
http://www.ncbi.nlm.nih.gov/pubmed/40901936
https://doi.org/10.1038/s44318-025-00510-4
http://www.ncbi.nlm.nih.gov/pubmed/40681873
https://doi.org/10.1038/s41589-025-01974-5
http://www.ncbi.nlm.nih.gov/pubmed/40634527
https://doi.org/10.1073/pnas.2424985122
https://doi.org/10.1073/pnas.2424985122
http://www.ncbi.nlm.nih.gov/pubmed/40493189


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 18 / 19

	39.	 Lacoursiere RE, Upadhyaya K, Kaur Sidhu J, Rodriguez Siordia I, Bejan DS, Cohen MS, et al. RNF114 and RNF166 exemplify reader-writer E3 
ligases that extend K11 polyubiquitin onto sites of MARUbylation. EMBO J. 2025;44(21):5993–6018. https://doi.org/10.1038/s44318-025-00577-z 
PMID: 41039157

	40.	 Longarini EJ, Dauben H, Locatelli C, Wondisford AR, Smith R, Muench C, et al. Modular antibodies reveal DNA damage-induced mono-ADP- 
ribosylation as a second wave of PARP1 signaling. Mol Cell. 2023;83(10):1743-1760.e11. https://doi.org/10.1016/j.molcel.2023.03.027 PMID: 
37116497

	41.	 Spradlin JN, Hu X, Ward CC, Brittain SM, Jones MD, Ou L, et al. Harnessing the anti-cancer natural product nimbolide for targeted protein degra-
dation. Nat Chem Biol. 2019;15(7):747–55. https://doi.org/10.1038/s41589-019-0304-8 PMID: 31209351

	42.	 Li P, Zhen Y, Kim C, Liu Z, Hao J, Deng H, et al. Nimbolide targets RNF114 to induce the trapping of PARP1 and synthetic lethality in  
BRCA-mutated cancer. Sci Adv. 2023;9(43):eadg7752. https://doi.org/10.1126/sciadv.adg7752 PMID: 37878693

	43.	 Hendriks IA, Buch-Larsen SC, Prokhorova E, Elsborg JD, Rebak AKLFS, Zhu K, et al. The regulatory landscape of the human HPF1- and 
ARH3-dependent ADP-ribosylome. Nat Commun. 2021;12(1):5893. https://doi.org/10.1038/s41467-021-26172-4 PMID: 34625544

	44.	 Elsborg JD, Munk SHN, Adelantado-Rubio A, Pék R, Fábian Z, Imburchia V, et al. PARP1 auto-modification promotes faithful Okazaki fragment 
processing and limits replication fork speed. Mol Cell. 2025;85(19):3562-3575.e10. https://doi.org/10.1016/j.molcel.2025.09.006 PMID: 41043391

	45.	 Djerir B, Marois I, Dubois J-C, Findlay S, Morin T, Senoussi I, et al. An E3 ubiquitin ligase localization screen uncovers DTX2 as a novel  
ADP-ribosylation-dependent regulator of DNA double-strand break repair. J Biol Chem. 2024;300(8):107545. https://doi.org/10.1016/j.
jbc.2024.107545 PMID: 38992439

	46.	 Yan Q, Ding J, Khan SJ, Lawton LN, Shipp MA. DTX3L E3 ligase targets p53 for degradation at poly ADP-ribose polymerase-associated DNA 
damage sites. iScience. 2023;26(4):106444. https://doi.org/10.1016/j.isci.2023.106444 PMID: 37096048

	47.	 Fontana P, Bonfiglio JJ, Palazzo L, Bartlett E, Matic I, Ahel I. Serine ADP-ribosylation reversal by the hydrolase ARH3. Elife. 2017;6:e28533. 
https://doi.org/10.7554/eLife.28533 PMID: 28650317

	48.	 Jankevicius G, Hassler M, Golia B, Rybin V, Zacharias M, Timinszky G, et al. A family of macrodomain proteins reverses cellular  
mono-ADP-ribosylation. Nat Struct Mol Biol. 2013;20(4):508–14. https://doi.org/10.1038/nsmb.2523 PMID: 23474712

	49.	 Đukić N, Strømland Ø, Elsborg JD, Munnur D, Zhu K, Schuller M, et al. PARP14 is a PARP with both ADP-ribosyl transferase and hydrolase activi-
ties. Sci Adv. 2023;9(37):eadi2687. https://doi.org/10.1126/sciadv.adi2687 PMID: 37703374

	50.	 Torretta A, Chatzicharalampous C, Ebenwaldner C, Schüler H. PARP14 is a writer, reader, and eraser of mono-ADP-ribosylation. J Biol Chem. 
2023;299(9):105096. https://doi.org/10.1016/j.jbc.2023.105096 PMID: 37507011

	51.	 Delgado-Rodriguez SE, Ryan AP, Daugherty MD. Recurrent loss of macrodomain activity in host immunity and viral proteins. Pathogens. 
2023;12(5):674. https://doi.org/10.3390/pathogens12050674 PMID: 37242344

	52.	 Tashiro K, Wijngaarden S, Mohapatra J, Rack JGM, Ahel I, Filippov DV. Chemoenzymatic and synthetic approaches to investigate aspartate- and 
glutamate-ADP-ribosylation. J Am Chem Soc. 2023;145(25):14000–9.

	53.	 Moss J, Jacobson MK, Stanley SJ. Reversibility of arginine-specific mono(ADP-ribosyl)ation: identification in erythrocytes of an ADP-ribose-L- 
arginine cleavage enzyme. Proc Natl Acad Sci U S A. 1985;82(17):5603–7. https://doi.org/10.1073/pnas.82.17.5603 PMID: 2994036

	54.	 Mevissen TET, Kulathu Y, Mulder MPC, Geurink PP, Maslen SL, Gersch M, et al. Molecular basis of Lys11-polyubiquitin specificity in the deubiquiti-
nase Cezanne. Nature. 2016;538(7625):402–5. https://doi.org/10.1038/nature19836 PMID: 27732584

	55.	 Renatus M, Parrado SG, D’Arcy A, Eidhoff U, Gerhartz B, Hassiepen U, et al. Structural basis of ubiquitin recognition by the deubiquitinating prote-
ase USP2. Structure. 2006;14(8):1293–302. https://doi.org/10.1016/j.str.2006.06.012 PMID: 16905103

	56.	 Rack JGM, Ariza A, Drown BS, Henfrey C, Bartlett E, Shirai T, et al. (ADP-ribosyl)hydrolases: structural basis for differential substrate recognition 
and inhibition. Cell Chem Biol. 2018;25(12):1533-1546.e12. https://doi.org/10.1016/j.chembiol.2018.11.001 PMID: 30472116

	57.	 Ismail IH, Gagné J-P, Genois M-M, Strickfaden H, McDonald D, Xu Z, et al. The RNF138 E3 ligase displaces Ku to promote DNA end resection 
and regulate DNA repair pathway choice. Nat Cell Biol. 2015;17(11):1446–57. https://doi.org/10.1038/ncb3259 PMID: 26502055

	58.	 Martinez-Pastor B, Silveira GG, Clarke TL, Chung D, Gu Y, Cosentino C, et al. Assessing kinetics and recruitment of DNA repair factors using high 
content screens. Cell Rep. 2021;37(13):110176. https://doi.org/10.1016/j.celrep.2021.110176 PMID: 34965416

	59.	 Groslambert J, Prokhorova E, Ahel I. ADP-ribosylation of DNA and RNA. DNA Repair (Amst). 2021;105:103144. https://doi.org/10.1016/j.
dnarep.2021.103144 PMID: 34116477

	60.	 Wondisford AR, Lee J, Lu R, Schuller M, Groslambert J, Bhargava R, et al. Deregulated DNA ADP-ribosylation impairs telomere replication. Nat 
Struct Mol Biol. 2024;31(5):791–800. https://doi.org/10.1038/s41594-024-01279-6 PMID: 38714889

	61.	 Rack JGM, Voorneveld J, Longarini EJ, Wijngaarden S, Zhu K, Peters A, et al. Reversal of tyrosine-linked ADP-ribosylation by ARH3 and PARG. J 
Biol Chem. 2024;300(11):107838. https://doi.org/10.1016/j.jbc.2024.107838 PMID: 39342999

	62.	 Bartlett E, Bonfiglio JJ, Prokhorova E, Colby T, Zobel F, Ahel I, et al. Interplay of histone marks with serine ADP-ribosylation. Cell Rep. 
2018;24(13):3488-3502.e5. https://doi.org/10.1016/j.celrep.2018.08.092 PMID: 30257210

	63.	 Ahel D, Horejsí Z, Wiechens N, Polo SE, Garcia-Wilson E, Ahel I, et al. Poly(ADP-ribose)-dependent regulation of DNA repair by the chromatin 
remodeling enzyme ALC1. Science. 2009;325(5945):1240–3. https://doi.org/10.1126/science.1177321 PMID: 19661379

https://doi.org/10.1038/s44318-025-00577-z
http://www.ncbi.nlm.nih.gov/pubmed/41039157
https://doi.org/10.1016/j.molcel.2023.03.027
http://www.ncbi.nlm.nih.gov/pubmed/37116497
https://doi.org/10.1038/s41589-019-0304-8
http://www.ncbi.nlm.nih.gov/pubmed/31209351
https://doi.org/10.1126/sciadv.adg7752
http://www.ncbi.nlm.nih.gov/pubmed/37878693
https://doi.org/10.1038/s41467-021-26172-4
http://www.ncbi.nlm.nih.gov/pubmed/34625544
https://doi.org/10.1016/j.molcel.2025.09.006
http://www.ncbi.nlm.nih.gov/pubmed/41043391
https://doi.org/10.1016/j.jbc.2024.107545
https://doi.org/10.1016/j.jbc.2024.107545
http://www.ncbi.nlm.nih.gov/pubmed/38992439
https://doi.org/10.1016/j.isci.2023.106444
http://www.ncbi.nlm.nih.gov/pubmed/37096048
https://doi.org/10.7554/eLife.28533
http://www.ncbi.nlm.nih.gov/pubmed/28650317
https://doi.org/10.1038/nsmb.2523
http://www.ncbi.nlm.nih.gov/pubmed/23474712
https://doi.org/10.1126/sciadv.adi2687
http://www.ncbi.nlm.nih.gov/pubmed/37703374
https://doi.org/10.1016/j.jbc.2023.105096
http://www.ncbi.nlm.nih.gov/pubmed/37507011
https://doi.org/10.3390/pathogens12050674
http://www.ncbi.nlm.nih.gov/pubmed/37242344
https://doi.org/10.1073/pnas.82.17.5603
http://www.ncbi.nlm.nih.gov/pubmed/2994036
https://doi.org/10.1038/nature19836
http://www.ncbi.nlm.nih.gov/pubmed/27732584
https://doi.org/10.1016/j.str.2006.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16905103
https://doi.org/10.1016/j.chembiol.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30472116
https://doi.org/10.1038/ncb3259
http://www.ncbi.nlm.nih.gov/pubmed/26502055
https://doi.org/10.1016/j.celrep.2021.110176
http://www.ncbi.nlm.nih.gov/pubmed/34965416
https://doi.org/10.1016/j.dnarep.2021.103144
https://doi.org/10.1016/j.dnarep.2021.103144
http://www.ncbi.nlm.nih.gov/pubmed/34116477
https://doi.org/10.1038/s41594-024-01279-6
http://www.ncbi.nlm.nih.gov/pubmed/38714889
https://doi.org/10.1016/j.jbc.2024.107838
http://www.ncbi.nlm.nih.gov/pubmed/39342999
https://doi.org/10.1016/j.celrep.2018.08.092
http://www.ncbi.nlm.nih.gov/pubmed/30257210
https://doi.org/10.1126/science.1177321
http://www.ncbi.nlm.nih.gov/pubmed/19661379


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003747  April 2, 2026 19 / 19

	64.	 Agrotis A, Pengo N, Burden JJ, Ketteler R. Redundancy of human ATG4 protease isoforms in autophagy and LC3/GABARAP processing revealed 
in cells. Autophagy. 2019;15(6):976–97. https://doi.org/10.1080/15548627.2019.1569925 PMID: 30661429

	65.	 Mevissen TET, Hospenthal MK, Geurink PP, Elliott PR, Akutsu M, Arnaudo N, et al. OTU deubiquitinases reveal mechanisms of linkage specificity 
and enable ubiquitin chain restriction analysis. Cell. 2013;154(1):169–84. https://doi.org/10.1016/j.cell.2013.05.046 PMID: 23827681

	66.	 Chen D, Vollmar M, Rossi MN, Phillips C, Kraehenbuehl R, Slade D, et al. Identification of macrodomain proteins as novel O-acetyl-ADP-ribose 
deacetylases. J Biol Chem. 2011;286(15):13261–71. https://doi.org/10.1074/jbc.M110.206771 PMID: 21257746

	67.	 Barkauskaite E, Brassington A, Tan ES, Warwicker J, Dunstan MS, Banos B, et al. Visualization of poly(ADP-ribose) bound to PARG reveals inher-
ent balance between exo- and endo-glycohydrolase activities. Nat Commun. 2013;4:2164. https://doi.org/10.1038/ncomms3164 PMID: 23917065

	68.	 Voorneveld J, Rack JGM, van Gijlswijk L, Meeuwenoord NJ, Liu Q, Overkleeft HS, et al. Molecular tools for the study of ADP-ribosylation: a 
unified and versatile method to synthesise native mono-ADP-ribosylated peptides. Chemistry. 2021;27(41):10621–7. https://doi.org/10.1002/
chem.202100337 PMID: 33769608

	69.	 Kar P, Chatrin C, Đukić N, Suyari O, Schuller M, Zhu K, et al. PARP14 and PARP9/DTX3L regulate interferon-induced ADP-ribosylation. EMBO J. 
2024;43(14):2929–53. https://doi.org/10.1038/s44318-024-00126-0 PMID: 38834853

	70.	 Prokhorova E, Zobel F, Smith R, Zentout S, Gibbs-Seymour I, Schützenhofer K, et al. Serine-linked PARP1 auto-modification controls PARP inhibi-
tor response. Nat Commun. 2021;12(1):4055. https://doi.org/10.1038/s41467-021-24361-9 PMID: 34210965

	71.	 Smith R, Zentout S, Rother M, Bigot N, Chapuis C, Mihuț A, et al. HPF1-dependent histone ADP-ribosylation triggers chromatin relaxation to 
promote the recruitment of repair factors at sites of DNA damage. Nat Struct Mol Biol. 2023;30(5):678–91. https://doi.org/10.1038/s41594-023-
00977-x PMID: 37106138

	72.	 Voorneveld J, Kloet MS, Wijngaarden S, Kim RQ, Moutsiopoulou A, Verdegaal M. Arginine ADP-ribosylation: chemical synthesis of  
post-translationally modified ubiquitin proteins. J Am Chem Soc. 2022;144(45):20582–9.

	73.	 Slade D, Dunstan MS, Barkauskaite E, Weston R, Lafite P, Dixon N, et al. The structure and catalytic mechanism of a poly(ADP-ribose) glycohy-
drolase. Nature. 2011;477(7366):616–20. https://doi.org/10.1038/nature10404 PMID: 21892188

	74.	 McEntyre J, Sarkans U, Brazma A. The BioStudies database. Mol Syst Biol. 2015;11(12):847. https://doi.org/10.15252/msb.20156658 PMID: 
26700850

https://doi.org/10.1080/15548627.2019.1569925
http://www.ncbi.nlm.nih.gov/pubmed/30661429
https://doi.org/10.1016/j.cell.2013.05.046
http://www.ncbi.nlm.nih.gov/pubmed/23827681
https://doi.org/10.1074/jbc.M110.206771
http://www.ncbi.nlm.nih.gov/pubmed/21257746
https://doi.org/10.1038/ncomms3164
http://www.ncbi.nlm.nih.gov/pubmed/23917065
https://doi.org/10.1002/chem.202100337
https://doi.org/10.1002/chem.202100337
http://www.ncbi.nlm.nih.gov/pubmed/33769608
https://doi.org/10.1038/s44318-024-00126-0
http://www.ncbi.nlm.nih.gov/pubmed/38834853
https://doi.org/10.1038/s41467-021-24361-9
http://www.ncbi.nlm.nih.gov/pubmed/34210965
https://doi.org/10.1038/s41594-023-00977-x
https://doi.org/10.1038/s41594-023-00977-x
http://www.ncbi.nlm.nih.gov/pubmed/37106138
https://doi.org/10.1038/nature10404
http://www.ncbi.nlm.nih.gov/pubmed/21892188
https://doi.org/10.15252/msb.20156658
http://www.ncbi.nlm.nih.gov/pubmed/26700850

