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ABSTRACT: ADP-ribosylation, characterized by the addition of
adenosine diphosphate ribose, can occur in both monomeric
(MARylation) and polymeric (PARylation) forms. Little is known
about the specific contributions of MARylation and PARylation to
cellular processes due to a lack of tools for jointly investigating these
individual forms. We present a novel mass spectrometry (MS)-based
proteomics approach that preserves information about the native
ADP-ribosylation form associated with the modification site within a
single proteomics experiment. Our workflow enables the simplified,
binary identification of ADP-ribosylation forms, avoiding some
challenges typically presented by PARylated peptides during MS
analysis. Our method uses the coronaviral enzyme NS2 to reverse our
previous labeling approach, ELTA, which enzymatically labels the terminal ADP-ribose. NS2 deconjugates ELTA-labeled free or
peptide-conjugated ADP-ribose monomers and polymers (thereby termed dELTA), leaving behind a signature phosphate. Our
dELTA-MS workflow involves ELTA labeling, dELTA deconjugation, and further processing using Deinococcus radiodurans
poly(ADP-ribose) glycohydrolase (DrPARG), resulting in two distinct mass shifts for MARylation and PARylation sites. We
demonstrate the feasibility of this workflow for proteomics analyses using proof-of-principle peptide standards. dELTA-MS thus
creates possibilities to reveal the fundamental biology of ADP-ribosylation and explore its dysregulation, in terms of both sites and
forms, associated with disease progression.
KEYWORDS: proteomics, PARPs, ADP-ribosylation, mono-ADP-ribosylation, poly-ADP-ribosylation, post-translational modification

■ INTRODUCTION
ADP-ribosylation�the addition of one or more ADP-ribose
units�is a multifaceted post-translational modification that
regulates essential cellular processes, including DNA repair,
protein degradation, and stress responses.1−4 ADP-ribosylation
exists in two forms: mono-ADP-ribosylation (MARylation),
where a single ADP-ribose is added per residue, or poly-ADP-
ribosylation (PARylation), where multiple ADP-ribose units
are added. MARylation can alter the conformation or charge of
modified proteins, providing a new surface for protein−protein
interactions.1 In contrast, synthesis of poly(ADP-ribose)
(PAR) results in a highly negatively charged polymer that
can act as a scaffold to bind proteins and facilitate the
formation of protein complexes or biomolecular conden-
sates.3,5

ADP-ribosylation is synthesized by ADP-ribosyltransferases
commonly known as PARPs,6 and is degraded by glycohy-
drolase, such as PAR glycohydrolase (PARG).1−4 The
interplay between these enzymes makes ADP-ribosylation a
dynamic and reversible protein modification. The site and form
are two critical parameters of the “PAR code” that may direct

biological outcomes in cells.5,7 For example, a protein cofactor
called Histone PARylation Factor 1 (HPF1) creates a new
active site for PARP1,8,9 which then switches its amino acid
specificity from aspartate and glutamate to serine,8,9 reduces
the length of PAR it synthesizes10,11 and promotes
modification of histones instead of automodification of
PARP1.9,10 In vitro assays have shown that DNA repair
proteins have different binding affinities for different lengths of
PAR.5,12−14 PARG also regulates the ADP-ribosylation form
during DNA damage by processing down protein PARylation
to MARylation.15 Disruption of the balance between ADP-
ribosylation’s synthesis and degradation results in human
diseases, from cancer to neurodegeneration.1−4
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Several mass spectrometry (MS)-based proteomics meth-
ods16−20�including those from our lab11,21�have been
developed to enrich and identify endogenous ADP-ribosylated
substrates.22,23 Interestingly, these methods have identified
ADP-ribosylation on nine different amino acids, including
aspartate and glutamate,18 lysine and arginine,21 cysteine,20,24

and serine.9 However, all of these methods do not determine
whether the site was originally mono- or poly(ADP-ribosyl)-
ated, as they process down ADP-ribosylation to a small, unique
mass tag for site identification.

For example, our ADP-ribosylation proteomics workflow
ELTA-MS first uses an enzyme called OAS1 to enzymatically
label the terminal ADP-ribose (ELTA) with an azido-based
enrichment tag.11,25 These ELTA-labeled ADP-ribosylated
peptides are then covalently pulled down with dibenzocy-
clooctyne-beads through click chemistry (Figure 1A). After
stringent washing, we use an enzyme called NudT16 (Figure
1A, ELTA)�which cleaves the phosphodiester bonds within
each ADP-ribose unit�to release peptides with a phospho-
ribose tag26 (Figure 1A, ELTA). Although MS analysis of these
phospho-ribosylated peptides allows us to identify modification

Figure 1. NS2 deconjugates ELTA-labeled ADP-ribose. (A) Comparison of ELTA-MS with dELTA-MS. Both workflows use the same click
chemistry-based enrichment system which enzymatically labels the terminal ADP-ribose with an azido-based enrichment tag that can be clicked to
an alkyne-based resin. However, the workflows differ in the release step. ELTA-MS uses NudT16 which cleaves phosphodiester bonds within ADP-
ribose, leaving behind a phospho-ribose mass tag. In contrast, dELTA-MS uses NS2 which cleaves the linkage between the terminal ADP-ribose
and the azido enrichment tag, thus releasing peptides while preserving the integrity of the ADP-ribosylation. HPLC analysis of ADP-ribose ELTA-
labeled by OAS1 with 1 mM dATP (B), 500 μM dATP-azide (C), and 125 μM dATP-biotin (D). These OAS1 products were then treated with
NS2.
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sites, the digestion of ADP-ribose units by NudT16 removes
information about the native form of ADP-ribosylation from
the site identification.
To overcome this limitation, we propose modifying our

ELTA-MS proteomics workflow, which enriches substrates in
their native forms of ADP-ribosylation, to release ADP-
ribosylated peptides while preserving the modification. Our
workflow takes advantage of the substrate promiscuity of
mammalian OAS1, an enzyme that synthesizes 2′,5′-
oligoadenylate during viral infection, to label the terminal
ADP-ribose.27,28 Some coronaviruses possess a nonstructural
protein (NS2) that enzymatically targets the phosphodiester
bond within 2′,5′-oligoadenylate, counteracting the mamma-
lian host’s immune system.28,29 We hypothesized that the
enzymatic activity of the viral NS2 could be repurposed to
target the 2′,5′-phosphodiester linkage between the terminal
ADP-ribose and the ELTA enrichment tag, thereby releasing
peptides while maintaining the native form of ADP-
ribosylation. We term this deconjugation process of the
ELTA label “dELTA”. Here, we report the development of
dELTA to characterize the site and form of ADP-ribosylation
on peptides (Figure 1A, site + form).

■ METHODS

Protein Expression and Purification
Human OAS1. Full-length human 2′,5′-oligoadenylate

synthetase 1 (OAS1, UniProtKB P00973) was expressed in
and purified from Escherichia coli BL21 (DE3) cells. Briefly,
cells were transfected with pSAT1-HisSUMO-OAS1. HisSU-
MO-OAS111 was expressed for 16−24 h at 16 °C. HisSUMO-
OAS1 was initially purified with a HisTrap column (Cytiva
Life Sciences) then desalted into 20 mM HEPES pH 7.5, 300
mM NaCl, and 10% glycerol. Next, HisSUMO-OAS1 was
incubated with SENP protease in a 50:1 w/w ratio of protein/
SENP at 4 °C for 16 h without shaking to remove the
HisSUMO tag. The untagged OAS1 was purified by reverse
IMAC using HisPur Ni-NTA Resin (Thermo Fisher). Finally,
OAS1 was desalted into 20 mM HEPES pH 7.5, 100 mM
NaCl, 0.5 mM TCEP, and 10% glycerol, flash frozen, and
stored at −80 °C until use.
MHV NS2. Nonstructural protein 2a from Murine

coronavirus (strain A59) (NS2, UniProtKB P19738) was
expressed in and purified from DE3 cells. Briefly, cells were
transfected with pSAT1-HisSUMO-NS2. HisSUMO-NS2 was
expressed for 16 h at 16 °C. HisSUMO-NS2 was first purified
with HisPur Ni-NTA Resin (Thermo Fisher) followed by gel
filtration using a HiLoad 16/60 Superdex 200 column.
HisSUMO-NS2 was flash frozen in 20 mM Tris pH 7.5, 150
mM NaCl, 1 mM DTT, and 10% glycerol before storing at
−80 °C until use.
DrPARG. Poly(ADP-ribose) glycohydrolase fromDeinococ-

cus radiodurans(DrPARG) was expressed in and purified from
DE3 cells. Briefly, cells were transfected with pET28a-
DrPARG.30 HisSUMO−DrPARG was expressed for 16−24 h
at 16 °C. DrPARG was first purified with HisPur Ni-NTA
Resin (Thermo Fisher) followed by gel filtration using a
HiLoad 16/60 Superdex 200 column. DrPARG was flash
frozen in 20 mM HEPES, 100 mM NaCl, 5 mM DTT, and
10% glycerol before storing at −80 °C until use.
Synthetic ADP-Ribosylated Peptide Preparation
Preparation of MARylated Peptides. JV-099 [Ac-

PAKS(ADPr)APAPKKG-am] and JV-522 [Ac-GKS(ADPr)-

GAALSKKG] (bold indicates heavy-labeled lysine) were
synthesized and purified as previously described.31,32

Preparation of PARylated Peptide. Unmodified histone
H3 peptide residues 1−20 (sequence: ARTKQTARKSTGG-
KAPRKQL) with C-terminal acyl hydrazide was purchased
from Motif Biotech. ADP-ribosylation of residue S10 was
performed enzymatically using PARP1.33 PARP1 was ex-
pressed and purified as previously described.33

Peptides were purified by RP-HPLC using a Waters Prep
System and XBridge BEH C18 preparatory column with 0.1%
trifluoroacetic acid in water (solvent A) and 95% acetonitrile,
0.1% trifluoroacetic acid in water (solvent B) as the mobile
phases. The H3(1−20)S10arn mixture was purified using an
elution gradient of 5−35% B over 34 min. Peptides were
characterized by LC/MS using a Thermo Scientific LTQ XL
with Easy nLC equipped with an Acclaim PepMap100 column.
HPLC Assay to Study NS2 Deconjugation of ADPr and
dATP Analogs

1 mM ADPr was ELTA-labeled with equimolar dATP or
dATP-azide and 250 μM ADPr was ELTA-labeled with
equimolar dATP-biotin. All ELTA reactions were performed
for 1 h at 37 °C with 2 μg low molecular weight poly(I/C) and
2 μg OAS1 in 1× OAS1 buffer (20 mM Tris pH 7.5, 20 mM
magnesium acetate, and 2.5 mM DTT). Then 500 μM of
ADPr-dAMP or ADPr-dAMP-azide or 125 μM of ADPr-
dAMP-biotin was treated with 5 μg of NS2 in 1× NS2 Buffer
(20 mM Tris pH 7.5, 50 mM NaCl, 5 mM NaCl, and 100 μM
TCEP) for 2 h at 37 °C.
Samples were then analyzed on an Agilent 1260 Infinity II

LC system with an InfinityLab Poroshell 120 EC-C18 column
(particle size 2.7 μm, 4.6 × 100 mm) using two mobile phases.
Mobile phase A consisted of 100 mM triethylammonium
acetate pH 7.5 and mobile phase B consisted of 100%
acetonitrile. Samples were passed through 0.45 μm nylon
membrane syringe filters and then 2 nmol of each sample were
injected. dATP-based samples were analyzed with an isocratic
gradient of 5% B over 10 min. Samples with dATP-azide and
dATP-biotin were analyzed with an isocratic gradient of 10% B
over 5 min and then 30% B over 5 min. Peak areas were
integrated using Agilent’s OpenLab ChemStation software.
OAS1 labeling yields were calculated based on “consumption”
of the ADPr peak, using the peak areas for ADPr in the
−OAS1 control and the +OAS1 reaction. NS2 deconjugation
yields were calculated based on “consumption” of the ADPr-
dAMP analog peak, using the peak areas for ADPr-dAMP in
the +OAS1 reaction and the +NS2 reaction.
Analysis of NS2 Signature Phosphate

MALDI-TOF Analysis of MARylated Peptide. 200 μM
JV-099 was labeled with 5-fold molar excess (1 mM) of dATP-
azide using 1.4 μg OAS1 and 1.25 μg low molecular weight
poly(I/C) in 1× OAS1 buffer at 37 °C for 1 h. Then, 100 μM
JV-099-dAMP-azide (OAS1 product) was treated with 8.3 μg
of NS2 in 1× NS2 buffer at 37 °C for 2 h.
Prior to MALDI-MS analysis, samples were cleaned up on

homemade C18 Stage Tips using 2 C18 plugs and 200 μL
micropipette tips. Stage Tips were conditioned with 50 μL
0.1% TFA in 80% acetonitrile in water (buffer B) and
equilibrated with 50 μL 0.1% TFA (buffer A) before being
loaded with the sample in a 1:5 (v/v) ratio of sample/buffer A.
After washing the Stage Tips with 100 μL buffer A, samples
were eluted with 10 mg/mL 2,5-dihydroxybenzoic acid (DHB)
matrix in 0.1% TFA + 80% acetonitrile solution. About 500
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Figure 2. NS2 leaves behind a signature phosphate on the terminal ADP-ribose. (A) MALDI-TOF mass spectra of ELTA-labeled JV-099 treated
with NS2. (B) MALDI-TOF mass spectra of an ELTA-labeled 7mer PAR chain treated with NS2. (C) 15% urea-PAGE analysis of 7mer PAR
ELTA-labeled with [α-32P]-dATP and then treated with NS2. Dotted lines indicate two lanes that were removed for clarity. (D) MALDI-TOF mass
spectra of the flowthrough for the controls of the click chemistry-based pulldown of JV-099. (E) MALDI-TOF mass spectra of the flowthrough
after release of JV-099 via incubation of DBCO-agarose with NS2 and the positive control NudT16.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.4c00890
J. Proteome Res. 2025, 24, 1791−1803

1794

https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00890?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00890?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00890?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00890?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pmol of peptide was spotted for each reaction. Samples were
analyzed by a Voyager DE-STR MALDI-TOF in the positive-

ion, reflector mode (accelerated at 20 kV with 60%−75% grid
and 130−150 ns extraction delay time).

Figure 3. PARG treatment after OAS1 and NS2 treatment preserves the phosphate on a MARylated peptide. (A) Workflow of enzymatic reactions.
(B) Autoradiogram of enzymatic workflow on JV-099 labeled with [α-32P]-dATP. (C) Autoradiogram of enzymatic workflow on a 6mer PAR chain
labeled with [α-32P]-dATP. (D) HCD MS2 spectrum of JV-099 with ADPr-P modification. (E) HCD MS2 spectrum of JV-099 with ADPr
modification.
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MALDI-TOF Analysis of 7mer PAR Chain. 4 μM 7mer
PAR chain was labeled with 10 μM dATP-azide using 2 μg
OAS1 and 2 μg low molecular weight poly(I/C) in 1× OAS1
Buffer at 37 °C for 1 h. Then, 2.4 μM PAR-dAMP-azide
(OAS1 product) was treated with 5 μg of NS2 in 1× NS2
Buffer at 37 °C for 2 h.
Prior to MALDI-MS analysis, samples were cleaned up on

homemade C18 Stage Tips using 2 C18 plugs and 200 μL
micropipette tips. Stage Tips were conditioned with 50 μL
50% ACN in water and equilibrated with 50 μL 100 mM
TEAA pH 7 (buffer A) before being loaded with the sample in
a 1:3 (v/v) ratio of sample/buffer A. After washing the Stage
Tips with 100 μL buffer A and then 100 μL mQ H2O, samples
were eluted with 8:1 ratio of 10 mg/mL 2',4',6'-trihydrox-
yacetophenone (THAP) matrix in 50% acetonitrile and 50
mg/mL diammonium citrate in water. About 17 pmol of PAR
was spotted for each reaction. Samples were analyzed by a
Voyager DE-STR MALDI-TOF in the negative-ion, reflector
mode (accelerated at 20 kV with a 80% grid and 600 ns
extraction delay time).
Urea PAGE Analysis of NS2 Phosphate Signature.

Substrates were ELTA-labeled with 1−4 μCi of [α-32P]-dATP
and then deconjugated with NS2 with the enzymatic reaction
conditions listed above. Where indicated, samples were further
processed with 10 μM DrPARG in 1× NS2 buffer at 37° for 1
h. Samples were diluted in 2× PAR loading buffer with dye
(50% urea, 25 mM NaCl, 2 mM EDTA, 0.1% xylene cyanol,
0.1% bromophenol blue) and heated at 90 °C for 5 min.
Samples were then loaded onto 10% urea gels and run at 800 V
for 30 min (data in Figure 2) or 2 h (data in Figure 3) in 1×
TBE running buffer (89 mM Tris, 89 mM Boric acid, 2 mM
EDTA). Gels were imaged with a Typhoon FLA7000 machine
(GE Healthcare).
LC−MS/MS Analysis of NS2 Phosphate Signature. 12

μM JV-099 was labeled with 24 μM dATP-azide using 2 μg
OAS1 and 2 μg low molecular weight poly(I/C) in 1x OAS1
Buffer at 37 °C for 1 h. The OAS1 reaction was diluted 2-fold
for the NS2 reaction, consisting of 6.75 μg NS2 in 1× NS2
buffer at 37 °C for 2 h. This NS2 reaction was then diluted 2-
fold for the DrPARG reaction, consisting of 10 μM DrPARG
in 1× NS2 buffer at 37 °C for 1 h. 10% trifluoroacetic acid
(TFA) was added to samples to a final concentration of 1%
TFA and then samples were loaded onto homemade Stage-
Tips that were conditioned with 80% ACN/0.1% TFA and
equilibrated with 5% ACN/0.1% TFA. Peptides were washed
with 0.1% TFA, eluted with 40% ACN, and dried down to
completion by vacuum centrifugation.
JV-099 was analyzed on a Thermo Orbitrap Fusion Lumos

mass spectrometer coupled to an Ultimate3000 RSLCnano
nanoflow liquid chromatography system (Thermo). The
peptides were loaded onto a trap column (Acclaim PepMap
100, LC C18, 5 μm, 100 μm × 2 cm, nanoViper) at a flow rate
of 8 μL/min and resolved on an analytical column (Easy-Spray
PepMap RSLC C18, 2 μm, 75 μm × 50 cm) at a flow rate of
0.3 μL/min. LC buffer A was 0.1% formic acid (FA), LC buffer
B was 0.1% FA/95% ACN, and the column oven was
maintained at 40 °C. Peptides were separated with a 95 min
gradient from 8% to 27% buffer B, followed by an increase to
50% buffer B over 5 min, another increase to 90% buffer B over
5 min, and finally a 10 min washing block. MS data was
collected with a Thermo Orbitrap Fusion Lumos Tribrid mass
spectrometer with a spray voltage of 2.4 kV, capillary
temperature of 200 °C, and RF lens of 30%. MS1 scans

were performed at a resolution of 120k, a scan range of 300 to
1800 m/z, a maximum injection time of 50 ms, and an
automatic gain control (AGC) target of 1,000,000 charges.
Precursor ions were isolated with a width of 1.6 m/z, an AGC
target of 50,000 charges. HCD fragmentation was performed
with a normalized collision energy of 25% and a resolution of
30k. Peptide spectral matches were identified as described
below.
dELTA-MS Workflow

Small Scale Enrichment of MARylated Peptide
Standard. 100 μM JV-099 was labeled with 250 μM dATP-
azide using 5 μg OAS1 and 5 μg low molecular weight poly(I/
C) in 1× OAS1 buffer at 37 °C for 1 h. Reaction volumes were
brought up to 500 μL and then 100 μL of 50% DBCO-agarose
equilibrated in 1× PBS was added to each OAS1 reaction
before rotating end-over-end for 1 h at room temperature. The
DBCO-agarose was pelleted and then the supernatant
(flowthrough) was collected for MALDI-TOF analysis,
followed by three 2-min washes of the agarose with 1× PBS.
The DBCO-agarose was rinsed with 1× PDE buffer (100 mM
HEPES pH 8.0, 15 mM MgCl2) or 1× NS2 buffer and then no
phosphodiesterase, 5 μg NudT16, or 25 μg NS2 was added in
their respective buffers. The DBCO-agarose was incubated
with these enzymes at 37 °C shaking at 1400 rpm for 2 h. The
DBCO-agarose was pelleted and then the supernatant
(elution) was collected for MALDI-TOF analysis. Samples
were cleaned up on Stage-Tips and analyzed by MALDI-TOF
as described above.
Cell Harvesting, Proteolysis, and Desalting for

Proteomic Analyses. Cells were treated with 1 mM H2O2
for 10 min, washed with ice cold PBS once, and harvested and
lysed in buffer containing 6 M guanidine hydrochloride, 100
mM HEPES pH 8.0, 5 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCl), and 10 mM 2-chloroacetamide
(CAM) preheated to 95 °C. Lysates were then mixed at 1000
rpm at 95 °C for 10 min in the dark. Total protein
concentration of lysates was determined by Bradford assay.
For the experiment with the MARylated peptide standard, 3
nmol of JV-522 was spiked into the lysate. Protein digestion
reactions were prepared by diluting lysates containing 10 mg
total protein 6-fold in 100 mM Tris−HCl pH 8.0 and adding
100 μg Trypsin (Thermo Fisher) and 100 μg LysC (Wako)
and incubating overnight at 37 °C and shaking at 200 rpm. 1
M triethylammonium acetic acid (TEAA) pH 7 was added to
peptide solutions to a final concentration of 100 mM before
clarifying peptide solutions by centrifugation at 4000 rpm for
30 min at 4 °C. Peptides were desalted on 1 mg SepPak t-C18
Classic cartridges (Waters) conditioned with 80% acetonitrile
(ACN) and equilibrated with 100 mM TEAA pH 7.5. Peptides
were washed with 100 mM TEAA pH 7.5 and eluted with 40%
ACN. Samples were dried down to completion by vacuum
centrifugation.
Enrichment of ADP-Ribosylated Peptides with dELTA

Workflow. ADP-ribosylated peptides were resuspended in
miliQ H2O and enriched using adapted versions of the labeling
and enrichment steps of the ELTA-MS proteomics workflow.11

For the experiment with the PARylated peptide standard, 6
nmol of H3(1−20)S10arn was spiked into each technical
replicate. First, peptides were incubated with 100 μM N6-(6-
Azido)hexyl-dATP (Jena Bioscience), 20 μg/mL low molec-
ular weight poly(I/C), and 80 μg/mL OAS1 in buffer
containing 100 mM Tris−HCl pH 7.5, 20 mM magnesium
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acetate, and 2.5 mM dithiothreitol (DTT) for 1 h at 37 °C and
shaking at 800 rpm. 100 μL of 50% DBCO-agarose
equilibrated in 1× PBS was added to each OAS1 reaction
before rotating end-over-end overnight at 4 °C. The samples
were centrifuged to pellet the agarose resin and the
supernatant (flow through) was discarded. The agarose resin
was washed three times with 5 M NaCl, three times with 20%
ACN, and three times with 1× PBS. After washing the resin
twice in 1× NS2 buffer, the samples were transferred to new
Eppendorf tubes. 80 μg of NS2 was added to each sample and
then the volume was brought up to 200 μL using 1× NS2
buffer. Samples were incubated at 37 °C for 2 h shaking at
1400 rpm. The samples were centrifuged to pellet the agarose
resin and 150 μL of the supernatant (elution) were transferred
to new Eppendorf tubes. DrPARG was added to a final
concentration of 10 μM to each sample followed by incubation
at 37 °C shaking at 800 rpm for 1 h. Samples were stored at
−80 °C until ready to remove excess enzymes via 10 kDa
molecular weight cutoff filters.9 10% trifluoroacetic acid (TFA)
was added to samples to a final concentration of 1% TFA and
then samples were loaded onto homemade Stage-Tips that
were conditioned with 80% ACN/0.1% TFA and equilibrated
with 5% ACN/0.1% TFA. Peptides were washed with 0.1%
TFA, eluted with 40% ACN, and dried down to completion by
vacuum centrifugation.
LC−MS/MS Analysis of Enriched Standard Peptides.

Peptides were separated on an Easy-Spray PepMap Neo C18
column, 75 μm by 150 mm at 300 nL/min and heated to 40
°C. A gradient of buffers A and B, consisting of 0.1% Formic
acid in water and 0.1% Formic acid in acetonitrile, respectively,
was applied from 6%−8% B for 0−5 min, 8%−27% B from 5 to
100 min, 27%−50% B from 100 to 105 min, 50%−90% B from
105 to 110 min, held at 90% B from 110 to 115 min, and
equilibrated from 90%−5% B from 115 to 120 min. MS1 scans
were conducted with a 3 s cycle time from 300 to 1750 m/z
and Orbitrap resolution of 60 K, maximum inject time of 60
ms, and AGC target of 6 × 105. Candidates for MS2 analysis
were selected from 350 to 1550 m/z with a minimum intensity
of 2 × 104, charge states 3−5 and dynamic exclusion set to
excluding targets for 30 s after 1 time of analysis. MS2 scans
were performed using EThcD with a 50 ms reaction time, 1 ×
106 reagent target, 200 ms maximum ETD reagent injection
time, and supplemental activation set to true with 20%
collision energy. The maximum precursor injection time was
120 ms with 2 × 105 AGC target and 400% normalized AGC
target. Scans were performed with a 110 m/z fixed first mass,
and 1 microscan was performed per target.
Peptide Spectral Matching for Standard Peptides.

The theoretical precursor m/z for each standard peptide was
calculated using the MS Fragment Ion Generator from the
phpMS Demo Suite.34 Mass shifts for ADPr-P (+621.0274),
ADPr (+541.0611), N-terminal acetylation (+42.0106), C-
terminal amidation (−0.9840), heavy lysine (+6.0201), and C-
terminal acyl hydrazine (+14.0269) were indicated as
necessary for each peptide sequence. Raw files were searched
manually in XCalibur (Thermo Fisher) for the precursor m/z
for potential peptide spectral matches (PSMs). Once
identified, the peak list for the entire MS2 spectrum of the
potential PSM was exported and then plotted in the Interactive
Peptide Spectral Annotator (IPSA).35 IPSA annotations were
exported as svg files. Text placement was edited for readability
and diagnostic ions for ADPr-P or ADPr were manually
highlighted in the svg files.

Data Availability. Vendor LCMS raw files, MALDI
spectra, and relevant meta-data have been deposited at the
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp pub-
lic repository as accession MSV000095991.

■ RESULTS

NS2 Deconjugates ELTA Labels from Mono(ADP-Ribose)
To assess the feasibility of incorporating NS2 into our
enrichment workflow, we first studied the substrate specificity
of NS2 on a protein-free monomeric ADP-ribose that was
ELTA-labeled with various dATP analogs. OAS1 converts
ADPr with dATP into a singular product of ADPr-dAMP via a
2′,5′-phosphodiester linkage.11 As expected, all ADPr was
converted by OAS1 to a new peak with a longer retention time
(Figure 1B, blue; Figure 1E) and a small shoulder on the peak,
corresponding to a slight excess of dATP. When the reaction
was treated with NS2, which targets 2′,5′-phosphodiester
linkages, two peaks were observed with retention times similar
to the original standards of ADPr and dATP (Figure 1B, pink).
We also tested analogs of dATP under the same enzymatic

reaction conditions. ADPr was ELTA-labeled with dATP-azide
(Figure 1C, blue), which resulted in only a slight decrease in
labeling efficiency compared to the reaction with dATP
(Figure 1E). NS2 efficiently deconjugated the dAMP-azide
group from ADPr (Figure 1C, pink; Figure 1E). For the
bulkier dATP-biotin, although the efficiencies were lower,
OAS1 was still able to label ADP-ribose with this analog and
the modification was removed by NS2 (Figure 1D,E). Taken
together, this HPLC assay demonstrated that NS2 can
deconjugate ADP-ribose monomers from various dAMP
analogs labeled by ELTA.
Interestingly, the peak corresponding to the expected dAMP

analog product of NS2 cleavage (Figure 1C,D, pink) had a
longer retention time relative to their respective dATP analog
standards (Figure 1C,D, gray). In ion-paired reverse-phase
liquid chromatography, the retention coefficient depends on
the net charge and polarity of analytes.36 Both dATP analogs
have nonpolar alkyl linkers to azide or biotin groups, likely
causing their higher retention compared to dATP. This is
confirmed by the solvent gradient: dATP analogs require 30%
acetonitrile for elution, while dATP elutes with just 10%. The
observed difference in retention times suggests that the NS2
products may not be simply ADPr and the corresponding
dAMP analog.
NS2 Deconjugates ELTA-Labeled ADP-Ribose, Resulting in
a Signature Phosphate
Phosphodiester cleavage, such as breaking the RNA backbone,
leaves the phosphate group on only one nucleoside, either at
the 3′ or 5′ end.37 Similarly, for 2′,5′-oligoadenylate, the
natural substrate of NS2, the phosphate can remain on either
the 2′ or 5′ end.28,38 When NS2 uses ADPr-dAMP as a
substrate, there are two possible outcomes: (1) the phosphate
stays on the 5′ end, forming ADPr and dAMP28 or (2) the
phosphate stays on the 2′ end, forming ADPr-phosphate
(ADPr-P) and deoxyadenosine (dA).38 Based on the longer
retention time for the second peak in the chromatograms of
the NS2 reactions on the nonpolar C18 column compared to
the dATP standards (Figure 1B−D), we hypothesized that the
products were ADPr-P and the corresponding dA analogs,
which is consistent with the lower polarity of dA (no
phosphates) compared to dATP (three phosphates). Deter-
mining the phosphate location after NS2 cleavage is thus
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critical for understanding the underlying mechanism and, more
importantly, identifying the mass shift signature associated
with the deconjugation process in our proteomic pipeline.
To unambiguously locate where the phosphate remained

after NS2 cleavage, we turned to mass spectrometry-based
analysis to characterize the NS2 deconjugation products. We
performed MALDI-TOF analyses to track the location of the
phosphate during the enzymatic reactions of a synthetic
MARylated peptide (JV-099) (Figure 2A) and a protein-free
7mer PAR chain (Figure 2B) that were both ELTA-labeled
with dATP-azide. Since MALDI is an ionization source that
generates predominantly singly charged species, reacting JV-
099 (Figure 2A, black) with OAS1 and dATP-azide resulted in
the expected mass shift of 438, corresponding to the transfer of
dAMP-azide to the ADP-ribose on the peptide (Figure 2A,
blue). After NS2 deconjugation of the ELTA-labeled peptide,
we expected a mass shift relative to the unlabeled MARylated
peptide of 80 if the phosphate (PO3) group remained with
ADPr, as hypothesized. Indeed, we observed the mass shift of
80 (Figure 2A, pink), indicating that the phosphate remained
on the 2′ end of ADPr after NS2 cleavage of the ADPr-dAMP
linkage.
Similarly, OAS1 labeling of the PAR chain (Figure 2B,

black) resulted in the expected mass shift of 438,
corresponding to the dAMP-azide group transferred to the
terminal ADP-ribose (Figure 2B, blue). However, after NS2
deconjugation of the ELTA-labeled PAR chain, we observed a
mass shift of only 62 (Figure 2B, pink), instead of 80. Such a
difference corresponds to the mass of H2O, suggesting that the
product may be a 2′,3′-cyclic phosphate. This interpretation
agrees with a previous study showing that various 2′,5′-
phosphodiesterases, including MHV NS2 used in this study,
cleave the 2′,5′-oligoadenylates to produce a 2′,3′-cyclic
phosphate terminus.39 The different mass shift observed for
the PAR chain and the MARylated peptide could be due to the
difference in pH of the matrices used for each MALDI-TOF
analysis. The very acidic condition (pH 2) of the 2,5-
dihydroxybenzoic acid (DHB) matrix for peptides analyzed in
the positive ionization mode may open up the cyclic phosphate
through an acid-catalyzed hydrolysis mechanism, whereas the
less acidic condition (pH 4) of the 2',4',6'-trihydroxyacetophe-
none (THAP) matrix may preserve the cyclic phosphate as the
dominant product.
To confirm the presence of the signature phosphate left

behind by NS2, we used an orthogonal urea PAGE assay with
radioactive reagents. Since OAS1 transfers dAMP, including
the α-phosphate, from dATP to the terminal ADPr, we tracked
the α-phosphate using 32P radioactivity. This labeling enabled
us to observe whether NS2 cleavage of ADPr-dAMP results in
the phosphate being left on the terminal ADPr or released as a
dAMP group. OAS1 labeling of PAR with [α-32P]-dATP
produced PAR-dAMP, evident in the slower migration of the
32P radioactive signal (Figure 2C; see also Figure S1). Notably,
NS2 deconjugation of PAR-dAMP retained the signal from the
radioactive α-phosphate and resulted in a slightly faster
migration, presumably due to loss of the dA group. Thus,
these two assays indicate that NS2 cleavage leaves behind a
phosphate on the terminal ADPr of MAR and PAR.
To assess the feasibility of incorporating NS2 into our

enrichment workflow, we tracked the synthetic MARylated
peptide JV-099 through the labeling, pull down, and
deconjugation steps via MALDI-TOF analysis. We first
incubated JV-099 with dATP-azide in the presence and

absence of OAS1. These reactions were then incubated with
DBCO-agarose, and we sampled the supernatant. As expected,
we did not detect JV-099 in the supernatant when OAS1 was
present (Figure 2D, blue) as the dAMP-azide labeled peptides
were likely captured by the DBCO resin. However, the peptide
was identified in the supernatant when OAS1 was absent
(Figure 2D, black). The DBCO-agarose was then incubated
with NS2, NudT16 (a positive control for ELTA-MS), or no
phosphodiesterase as a negative control, and the resultant
supernatants were sampled again. As expected, we did not
observe any peptide released into the supernatant when
phosphodiesterase was not added (Figure 2E, black). We
observed the expected m/z for the synthetic peptide sequence
with a phospho-ribose tag following release by NudT16
(Figure 2E, orange). When NS2 was added to the DBCO-
agarose, we observed an m/z corresponding to JV-099 with the
signature phosphate (Figure 2E, pink). Although MALDI
ionization is not conducive to robust quantification,40 this
qualitative assay confirmed that NS2 can be used to
deconjugate an ELTA-labeled peptide with its ADP-ribosyla-
tion intact.
Generating Two Distinct Mass Tags to Distinguish
between MAR and PAR Sites

For any particular peptide sequence, the varying length of
ADP-ribosylation at the same site can reduce sensitivity during
mass spectrometry analysis, as the signal is now spread across
various m/z due in part to the heterogeneous lengths of
negatively charged ADP-ribosylation. Therefore, all existing
proteomics workflows process the ADP-ribosylation down to a
unique mass tag for MS analyses. A commonly used method
processes down PARylation using PARG to produce an
ensemble of MARylated peptides.41 To simplify MS analysis
and utilize the signature phosphate left behind by NS2
deconjugation, we hypothesized that our workflow could
incorporate treatment withD. radiodurans PARG (DrPARG),
which is known to remove all but the ADP-ribose proximal to
the peptide,30 as the last step after OAS1 labeling and NS2
deconjugation. In this scenario, modification sites originally
MARylated will possess the terminal phosphate after NS2
treatment, which we hypothesized to be insensitive to
DrPARG treatment. Conversely, a labeled PARylated peptide
with a terminal phosphate following NS2 deconjugation will be
cleaved to a MARylated peptide after DrPARG treatment
(Figure 3A).
To test the feasibility of this approach, we analyzed the

consecutive OAS1, NS2, and PARG enzymatic reactions on
monomeric and polymeric substrates. A synthetic MARylated
peptide was first labeled by OAS1 with [α-32P]-dATP (Figure
3B; see also Figure S2). Adding DrPARG to the OAS1
reaction did not reduce the phosphate signal, which is
consistent with the published report that DrPARG does not
cleave the ADP-ribose proximal to the peptide. Importantly,
when DrPARG was added to the MARylated peptide after
OAS1 and NS2 treatments�now marked with the additional
radioactive phosphate�no decrease in radioactive signal was
observed. Thus, DrPARG treatment of an NS2-deconjugated,
ELTA-labeled MARylated peptide did not remove the
signature phosphate.
As a control, we wanted to confirm that DrPARG could

process down a polymer of ADP-ribose that possessed the
signature phosphate. We next labeled a 6-mer PAR chain with
[α-32P]-dATP using OAS1 (Figure 3C; see also Figure S2).
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This radioactive signal was lost after DrPARG treatment,
confirming its ability to cleave the PAR chain into ADP-ribose
monomers. As expected, NS2 deconjugation of the ELTA-
labeled PAR resulted in further migration in the urea PAGE gel
while retaining the terminal radioactive phosphate group
(Figure 3C; cf. Figure 2C). DrPARG treatment of this
processed PAR chain resulted in a complete loss of
radioactivity, similar to the ELTA-labeled PAR. These data
indicate that the presence of the terminal phosphate did not
affect DrPARG’s ability to process PARylated substrates to
MARylation.

After obtaining biochemical confirmation that the consec-
utive OAS1, NS2, and PARG reactions produced two distinct
signals on MAR and PAR (Figure 3A), we then tested whether
we could detect a synthetic standard peptide modified with
ADPr-P via liquid chromatography coupled to tandem mass
spectrometry (LC−MS/MS). To generate the peptide with
ADPr-P, we repeated the same triple-enzyme workflow on the
MARylated peptide JV-099 (Figure 3A). We also processed the
synthetic MARylated peptide through the same workflow,
excluding the enzymes, to control for any possible hydrolysis of
the ADP-ribose-based modifications.

Figure 4. dELTA-MS workflow pulls down standard MARylated and PARylated peptides with unique mass tags. (A) Schematic of dELTA-MS
workflow for proof-of-principle experiments to identify JV-522 and H3(1−20)S10arn. In one experiment, JV-522 was spiked into H2O2-treated
HeLa cell lysate prior to digestion. In another experiment, H3(1−20)S10arn was spiked into H2O2-treated HeLa cell lysate peptides right before
dELTA-MS. (B) EThcD MS2 spectrum of JV-522 that was identified with the ADPr-P modification expected for a MAR site after processing with
the dELTA-MS workflow. (C) EThcD MS2 spectrum of H3(1−20)S10arn that was identified with the ADPr modification expected for a PAR site
after processing with the dELTA-MS workflow.
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In the representative MS2 spectrum for the MARylation site,
we observed the m/z for the synthetic peptide sequence with
the expected mass shift corresponding to ADPr-P (Figure 3D).
In the representative MS2 spectrum for the control, we
observed the m/z for the peptide with the mass shift of ADPr
(Figure 3E). Sufficient fragments were obtained to allow
sequence identity confirmations by HCD fragments as well as
modification localization for both ADPr-P and ADPr motifs.
Multiple diagnostic ions characteristic of ADP-ribose were
observed in the HCD spectra. Interestingly, we also observed
the diagnostic ion of ADP with the additional phosphate from
NS2 deconjugation (Figure 3D, m8-P+), which could serve as
a distinct diagnostic ion for MARylated peptides in our
workflow. Taken together, the biochemical and mass
spectrometry data provided a proof-of-principle that adding
DrPARG after ELTA-labeling by OAS1 and deconjugation by
NS2 can produce two distinct signals corresponding to the
different forms of ADP-ribosylation.
Identifying MARylated and PARylated Forms from
ADP-Ribosylated Peptide Standards

Since we were able to enrich a MARylated peptide standard on
DBCO-agarose and deconjugate it with NS2 (Figure 2D,E),
we next tested whether our triple enzymatic approach could
enrich for and generate two distinct mass tags from MARylated
and PARylated peptides enriched from a complex mixture. We
hypothesized that with our triple enzymatic approach we
would identify the MARylated peptide with a unique mass tag
of ADPr-P and the PARylated peptide with a unique mass tag
of ADPr (Figure 3A). A synthetic MARylated peptide from
PARP1 (called JV-522) and a synthetic PARylated peptide
from histone H3�a mixture of the peptide with an estimated
30% containing 1 ADPr unit and 70% containing 2−5 ADPr
units33 (called H3(1−20)S10arn)�were spiked into a back-
ground of H2O2-treated HeLa cell lysate peptides (Figure 4A).
For the MARylated standard, we observed the expected mass
shift for ADPr-P. The unprocessed JV-522 was minimally
carried through the workflow, with a signal less than 3 orders
of magnitude lower than the expected ADPr-P signal for the
MARylated peptide processed by dELTA-MS (Figure S3). For
the PARylated standard, we observed the expected mass shift
for ADPr. We did not observe H3(1−20)S10arn with the
ADPr-P modification, indicating the estimated 30% of the
standard peptide containing 1 ADPr unit was below the limit
of detection for our workflow. Sufficient fragments were
obtained for the +2 and +3 species of JV-522 and the +6
species of H3(1−20)S10arn in all three technical replicates for
each experiment to allow sequence identity confirmations by
EThcD fragments as well as modification localization for both
ADPr-P and ADPr motifs, respectively (Figure S4). In
addition, for the PARylated peptide, additional sequencing
ions were observed for the peptide attached to a remainder
fragment of ADPr (Figure S5), likely due to the supplemented
collision energy, highlighting the complexity of MS2 spectra
with this labile modification.

■ CONCLUSIONS
We present a novel process that allows for reversible labeling of
ADP-ribosylation with our ELTA technique, followed by our
dELTA method to deconjugate ADP-ribosylation using NS2.
Coupled with mass spectrometry, our dELTA-MS approach
enables us to preserve information about the native form of
ADP-ribosylation associated with the modification site within a

single proteomics experiment. As proof of principle, we have
shown that NS2 leaves a signature phosphate on the terminal
ADP-ribose when cleaving the ELTA label from peptide-
conjugated ADP-ribose monomers and polymers. By further
incorporating DrPARG treatment into our workflow, this
signature phosphate can be used to create two distinct mass
tags that differentiate between sites that were originally
MARylated and PARylated (Figure 4).
One complexity of ADP-ribosylation is that it can modify

nine different amino acids with distinct chemical properties.
Recent data suggest that different lengths of ADP-ribose units
may be attached to different sites. For example, during DNA
damage, serine seems to be predominantly MARylated after 10
min of oxidative stress, while aspartate and glutamate are
predominantly PARylated.42 Therefore, our dELTA-MS work-
flow could be used to systematically analyze these variations.
To achieve this, we need to consider two different factors.
First, we must ensure that the enrichment workflow does not
introduce a bias against any specific amino acid linkage to
ADP-ribosylation. Aspartate and glutamate sites, in particular,
are sensitive to basic pH.43 Therefore, all steps of our
enrichment workflow, except for cell lysis, were performed at
pH 7.5 to minimize hydrolysis of ADP-ribosylation on acidic
residues. Second, different ADP-ribose hydrolases have varying
specificities. For example, macrodomains remove ADP-ribose
from aspartate and glutamate, while ARH3 targets serine.
Previously, data showed that human PARG only cleaves
glycosidic bonds between ADP-ribose units and cannot
remove the monomer proximal to the amino acid. However,
a recent study indicated that human PARG can also remove
MARylation from aspartate and glutamate when used at a high
concentration (10 μM) or for a prolonged incubation period
(>1 h).42 Here, we utilize PARG from D. radiodurans. Despite
several conserved contacts of both PARG homologues to ADP-
ribose, this bacterial PARG does not remove MARylation from
aspartate or glutamate at the concentration and reaction
conditions used in our workflow.30

Although no proteomics methods have been developed to
identify ADP-ribosylation forms, existing chemical methods,
such as boronate agarose,18 and biological reagents, such as the
Af1521 macrodomain41 or antibodies,15 can enrich and elute
them. Our dELTA-MS approach is unique in adding a
signature phosphate during release from enrichment, allowing
us to differentiate between forms after DrPARG treatment.
While our method cannot distinguish individual lengths of
ADP-ribose, it presents a compromise of retaining information
about the ADP-ribosylation forms at individual sites in a
simplified, binary manner.
Ideally, MS techniques should be developed to estimate the

length of ADP-ribose units on individual amino acids.
Technology used to sequence glycan structure and identify
glycopeptides could be adapted to study ADP-ribosylated
peptides, such as using information from diagnostic ions or
fragment ions,44,45 separation techniques that can resolve
isomers,45−49 or specialized data acquisition approaches50−52

and database searching.53 Similar to glycoproteomics,54

another complexity in studying ADP-ribosylation is that a
peptide’s signal could be distributed over multiple PAR
lengths, diluting the signal of an already low abundant
modification. Additionally, determining the length of ADP-
ribosylation faces challenges because, unlike glycan sequenc-
ing,54 it must contend with numerous negative charges, which
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can limit ionization of PARylated peptides in the positive
ionization mode.
In summary, dELTA-MS offers the first approach to connect

ADP-ribosylation sites to their specific forms. We demonstrate
the feasibility of this workflow for proteomic analyses using
proof-of-principle peptide standards. Applying this method to
proteome-wide analyses in lysates could offer deeper insights
into trends and patterns of ADP-ribosylation by identifying
consensus sequences for MARylation and PARylation,
determining the preferred substrates of MARylating or
PARylating ADP-ribosyltransferases, and analyzing the ratio
of MARylation to PARylation sites. These analyses open up
the possibilities to reveal the fundamental biology of ADP-
ribosylation and explore its dysregulation, in terms of both sites
and forms, associated with the progression of diseases such as
cancer, neurodegeneration, and viral infections.

■ LIMITATIONS
While the current workflow demonstrates the feasibility of
identifying site-specific ADP-ribosylation and associated form
information, it is not yet optimized for high-throughput
quantitative analysis or scaled to detect low-abundance ADP-
ribosylated peptides. Future efforts will focus on improving
workflow efficiency and reproducibility to mitigate sample
losses and reduce variability across steps such as labeling,
enrichment, and deconjugation. Once optimized, endogenous
ADP-ribosylation sites and forms can be identified using a
labile search in FragPipe with mass offsets 621.0274 (ADPr-P/
MAR site) and 541.0611 (ADPr/PAR site) on DESKTYRCH.
However, searching for two offset masses across nine potential
amino acids may increase ambiguity due to inflation of the
search space, which can have downstream effects on false
discovery rates. To address this, Percolator in FragPipe is used
to filter all output results for 1% FDR, and modification sites of
interest should be confirmed using the manual validation.
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