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Abstract

Protein poly-ADP-ribosylation (PARylation) is a heterogeneous and dynamic posttranslational 

modification regulated by various writers, readers, and erasers. It participates in a variety of 

biological events and is involved in many human diseases. Currently, tools and technologies have 

yet to be developed for unambiguously defining readers and erasers of individual PARylated 

proteins or cognate PARylated proteins for known readers and erasers. Here, we report the 

generation of a bifunctional nicotinamide adenine dinucleotide (NAD+) characterized by diazirine-

modified adenine and clickable ribose. By serving as an excellent substrate for poly-ADP-ribose 

polymerase 1 (PARP1)-catalyzed PARylation, the generated bifunctional NAD+ enables 

photocrosslinking and enrichment of PARylation-dependent interacting proteins for proteomic 

identification. This bifunctional NAD+ provides an important tool for mapping cellular interaction 

networks centered on protein PARylation, which are essential for elucidating the roles of 

PARylation-based signals or activities in physiological and pathophysiological processes.
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Graphical Abstract

Introduction

Poly-ADP-ribose polymerases (PARPs) catalyze protein poly-ADP-ribosylation 

(PARylation) or mono-ADP-ribosylation (MARylation) with nicotinamide adenine 

dinucleotide (NAD+) as a cosubstrate. PARylated proteins can be specifically recognized by 

reader proteins, triggering downstream signaling cascades or effector functions1–6. The 

PARylation-dependent signals or activities can be modulated by eraser proteins that can 

remove covalently attached poly-ADP-ribose (PAR)5, 7–11. Protein PARylation plays vital 

roles in regulating genome stability, protein homeostasis, cell proliferation, differentiation 

and apoptosis12–16 and is strongly implicated in various human diseases17–22.

NAD+ with adenine modified by alkyne, biotin, and fluorescent groups have previously been 

generated for labeling and tracking cellular ADP-ribosylation23–29. Paired with PARP 

mutants, NAD+ analogues with alkyne-modified adenine facilitate identification of substrate 

proteins of PARPs30–32. Using agents that are known to bind to PAR, PARylated proteins 

and their associated protein complexes could be captured for proteomic identification33–36. 

However, such PAR-related non-covalent protein complexes could include candidate 

proteins that interact with PARylated proteins indirectly or in a PAR-independent manner. 

To date, no unambiguous approaches and technologies exist to identify reader(s) and 

eraser(s) for an individual PARylated protein or cognate PARylated protein(s) for a known 

reader or eraser protein, or to map PARylation-dependent interaction networks.

We recently generated NAD+ analogues functionalized at the ribose moiety with robust 

substrate activities for protein PARylation37. Here, we designed and synthesized novel NAD
+ analogues that feature an azido group at ribosyl 3′-OH and a photocrosslinker at remote 

adenine moiety. The resulting bifunctional NAD+ with C2-diazirine not only displays 

excellent activity for protein PARylation but also enables photocrosslinking of reader and 

eraser proteins. Using the generated bifunctional NAD+, PARylation-dependent interacting 

proteins were identified for auto-PARylated PARP1 through proteomic analysis, which 

provides new knowledge for understanding the roles of protein PARylation in signal 

transduction and effector functions.
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RESULTS AND DISCUSSION

Design, synthesis, and substrate activity of bifunctional NAD+.

Previous studies have shown chemical modifications at adenine N6 and C2 positions of 

NAD+ are well tolerated by PARPs23, 24, 27, 30, 31 and ribose-functionalized NAD+ with 

nicotinamide riboside (NR) 3′-azido displays strong activities for protein PARylation37. 

Thus, we envisioned that covalent attachment of a diazirine photocrosslinker to adenine N6 

or C2 coupled with a 3′-azido NR could generate bifunctional NAD+ analogues with 

significant substrate activities. It is expected that by serving as excellent substrates for 

protein PARylation, the bifunctional NAD+ with diazirine-modified adenines and clickable 

riboses may enable photocrosslinking of PARylation-dependent interacting proteins, 

enrichments of covalently linked protein complexes, and subsequent proteomic 

identifications of protein “nodes” for PARylation-dependent interactome at both global and 

molecular levels (Figure 1).

To this end, we synthesized three dually modified NAD+ with NR 3′-azido and N6- or C2-

diazirine with linkers varying in length (Figure 2A and Schemes S1 and S2). To evaluate 

their substrate activities, full-length human PARP1 was expressed and purified from 

Escherichia coli (Figure S1). The activities of dually modified NAD+ were examined 

through PARP1 auto-PARylation (Figure 2). Immunoblot analysis indicated that the activity 

of 3 is higher than those of 1 and 2 and comparable to that of 3′-N3-NAD+ which has shown 

similar activity to NAD+ for protein PARylation previously37. Treatment with olaparib (100 

μM), a PARP inhibitor, resulted in suppression of PARP1 auto-PARylation by 1–3 and 3′-
N3-NAD+. Of note, the purified PARP1 is highly sensitive to proteolysis, resulting in 

clevaged fragments during auto-PARylation reactions as observed in the PARP1 loading 

controls of immunoblots throughout this work. HPLC-based activity assays were then 

performed to determine kinetic parameters of NAD+, 3′-N3-NAD+, and 3 for PARP1-

catalyzed auto-PARylation (PARP activity) and hydrolysis (NADase activity) (Table 1). The 

kcat and Km of 3 for PARP1 automodification are 25.8 ± 2.7 min−1 and 407.7 ± 83.2 μM, 

respectively, at comparable levels to those of NAD+ and 3′-N3-NAD+. These results support 

3 as an excellent substrate for PARP1-catalyzed PARylation.

Photocrosslinking capability of bifunctional NAD+.

Next, 3 was evaluated for its capability of photocrosslinking PARylation-dependent 

interacting proteins. An active, truncated human poly-ADP-ribose glycohydrolase (tPARG) 

was expressed and purified from E. coli (Figures S1 and S2)38. Although tPARG could not 

efficiently degrade automodified PARP1 by 3 (data not shown), ELISA confirmed its 

recognition of 3-modified PARP1 (Figure S3A). Immunoblotting against tPARG indicated 

that UV irradiation resulted in crosslinking of tPARG with 3-modified PARP1 as revealed by 

the smearing pattern due to PARylation (Figures 3A, S4A, and S5A), which is sensitive to 

the addition of NAD+-modified PARP1 to compete for tPARG binding.

Compound 3 was further examined for photocrosslinking two model readers with distinct 

structural preference, the WWE domain of human RNF146 and macrodomain of AF152139. 

As shown by ELISA, Fc fusions of WWE and macrodomain (designated as Fc-WWE and 

Lam et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2022 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fc-Macro) could specifically bind to NAD+-, 3′-N3-NAD+-, and 3-modified PARP1 (Figure 

S3B–C). Immunoblot analysis indicated that UV treatment led to crosslinking of WWE 

domain and macrodomain with 3-modified PARP1 in a competition-sensitive manner 

(Figures 3B–C, S4B–C, and S5B–C).

We also tested 3 for photocrosslinking an anti-PAR monoclonal antibody 10H. Based on 

ELISA, the antibody 10H showed weak binding to 3-modified PARP1 (Figure S3D). 

Immunoblot analysis revealed little crosslinking of antibody 10H with PARylated PARP1 by 

3 (Figure 3D). To improve the photocrosslinking with antibody 10H, a mixture of 3:NAD+ 

(1:1) was used to generate auto-modified PARP1 with chimeric PAR polymers, which may 

facilitate capturing of reader and eraser proteins by mimicking native PARylation. 

Immunoblotting showed that UV irradiation induced significant crosslinking of antibody 

10H with PARylated PARP1 by the mixture of 3:NAD+ (Figures 3D, S4D, and S5D). Taken 

together, these results indicate that 3 allows efficient photocrosslinking with PARylation-

dependent interacting proteins.

Identification of PARylation-dependent interacting proteins.

To demonstrate its utility, 3 was applied to profile proteins potentially interacting with 

PARylated PARP1 in a cellular context. PARP1 automodified by the mixture of 3:NAD+ was 

incubated with HEK293T cell lysates in the absence or presence of NAD+-modified PARP1 

for binding competition. Upon UV irradiation, photocrosslinked protein complexes were 

labeled with biotin for enrichment and proteomic identification. Comparative analysis was 

then performed for the lists of proteins identified without and with NAD+-modified PARP1. 

Protein hits that were present in the group without binding competition but disappeared in 

the presence of NAD+-modified PARP1 as a binding competitor were considered as 

potential PARylation-dependent interacting proteins. In total, 247 potential binding proteins 

were identified (Figure 4A and Table S1), of which several hits were known PARylation-

dependent interacting proteins from previous studies, such as DNA-dependent protein kinase 

catalytic subunit (PRKDC) and mitotic checkpoint protein BUB3 (BUB3)4, 6, 40.

Among other identified hits, two were chosen for validation, valosin-containing protein 

(VCP) and retinoblastoma binding protein 7 (RBBP7). VCP participates in a myriad of 

cellular functions and was found to localize at DNA damage sites and interact with different 

chromatin remodeling complexes41, 42. RBBP7 is involved with transcriptional repression by 

binding to histones as part of several histone deacetylase complexes43–45. Using GST-VCP 

and GST-RBBP7 fusions, ELISA-based binding assays indicated both proteins displayed 

tighter binding to PARylated PARP1 by NAD+ relative to unmodified PARP1 as well as 

significant binding to PAR (Figures 4B and S6). Furthermore, immunoblot analysis revealed 

that upon UV irradiation both VCP and RBBP7 could be crosslinked with PARP1 

automodified by the mixture of 3:NAD+ in a competition-sensitive fashion (Figures 4C–D 

and S7). These results confirmed VCP and RBBP7 as novel proteins interacting with 

PARylated PARP1.

This work reports the synthesis and characterization of a novel bifunctional NAD+. Upon 

modifying the previously generated 3′-N3-NAD+ with a diazirine at the adenine C2 position, 
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the resulting dually modified 3 exhibits surprisingly high activity for PARP1-catalyzed 

PARylation. As a robust substrate of PARP1, this NAD+ analogue thus enables simultaneous 

incorporation of photocrosslinker and clickable groups into PAR polymers for capturing and 

identifying PARylation-dependent interacting proteins. This study, for the first time, 

discovers a bifunctional NAD+ molecule with excellent substrate activity for protein 

PARylation. Notably, these findings suggest adequate tolerance of PARP1 active site to the 

modifications at NR 3′-OH and adenine C2 positions, possibly allowing for the creation of 

other types of dually modified NAD+ with distinct functions and properties. In addition to 

PARP1, the substrate activity of 1–3 need to be assessed for other PARP enzymes 

responsible for cellular protein PARylation and mono-ADP-ribosylation.

In comparison to native PAR polymers, the 3-derived PAR polymers are likely to display 

altered binding affinity and specificity for PARylation-dependent interacting proteins due to 

modifications at the adenine and ribose moieties of NAD+. Use of 3 for protein PARylation 

may thus cause low efficiency in photocrosslinking certain types of readers and erasers of 

PARylated proteins or lead to biased results. Chimeric PAR polymers with limited chemical 

modifications could be generated through using mixtures of NAD+ and 3, which, by 

mimicking native PARylation, may facilitate faithful and unbiased mapping of PARylation-

dependent interaction networks.

It needs to be noted that in the proof-of-concept study to demonstrate the utility of 3, lysates 

of non-stressed cells were used for incubation with the automodified PARP1 by the mixture 

of 3:NAD+. The identified proteins potentially interacting with PARylated PARP1 may not 

truly reflect PARylation-based interactome present in stressed cells. For this purpose, future 

proteomic studies need to be performed in physiologically relevant conditions and 

quantitative analysis will provide insights into the binding affinity of identified proteins for 

PARylated PARP1. Using PARP1 auto-PARylated by the mixture of 3:NAD+, VCP and 

RBBP7 were identified and confirmed as novel proteins interacting with PARylated PARP1. 

The nucleotide binding domain of VCP and WD40 domain of RBBP7 may involve in 

binding to PARylated PARP1. Future studies are required to characterize their binding sites, 

binding specificity, contribution of PARP1 to PARylation-dependent interactions, and effects 

of the PARylation-dependent interactions on related biological functions.

In summary, 3 is a bifunctional NAD+ molecule with excellent substrate activity for protein 

PARylation and strong capability of photocrosslinking PARylation-dependent interacting 

proteins for proteomic identifications. This molecule serves as a valuable tool for 

discovering novel readers and erasers for individual PARylated proteins and dissecting 

cellular interaction networks centered on protein PARylation, which will advance the 

understanding of the roles of protein PARylation in physiology and pathophysiology.

METHODS

Synthetic procedures and characterization of NAD+ analogues.

The experimental details and results for synthesis of the NAD+ analogues 1–3 are provided 

in the Supporting Information.
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Protein expression, purification, and enzymatic activity with NAD+ analogues.

The experimental details for expression and purification of human PARP1 and tPARG and 

characterization of their activities with NAD+ and its analogues 1–3 are described in the 

Supporting Information.

Preparation of automodified PARP1 for photocrosslinking and ELISA assays.

Automodification of PARP1 was performed at 30°C overnight using 3 μM purified PARP1 

without NAD+, with 200 μM NAD+, or with NAD+ analogues in PARP reaction buffer (100 

mM Tris-HCl pH 8.0, 10 mM MgCl2, 50 mM NaCl, 1mM DTT, and 100 ng μL−1 activated 

DNA). Reactions were stopped by the additions of 100 μM of olaparib. In the case of 

mixtures of 3:NAD+ (1:1), 100 μM of each was added.

Photocrosslinking with interacting proteins.

1.5 μg of automodified PARP1 was added to 12 μL final volume of PBS with 100 μM 

olaparib plus 150 ng Fc-WWE, 100 ng tPARG, 150 ng monoclonal anti-PAR antibody 

(clone: 10H, Santa Cruz Biotechnology: sc-56198), 150 ng Fc-Macro (Millipore: 

MABE1016), or PBS. Reactions were incubated at room temperature for 10 minutes before 

UV irradiation with 365-nm wavelength light with a handheld UV lamp placed 2 cm away 

from reactions in PCR strips for 15 minutes. Reactions with competition contained 1.5 μg of 

PARP1 automodified with NAD+ added at a final volume of 12 μL. Reactions were 

separated on PAGE gels for immunoblot detection Blocking was done for 1 hour using 5% 

non-fat milk (w/v) in PBS with 0.1% Tween-20 (v/v) (PBST). Fc-WWE and Fc-Macro were 

detected with 1:3000 goat anti-rabbit secondary antibody in PBST + 1% non-fat milk (w/v). 

Anti-PAR antibody 10H was detected using 1:3000 goat anti-mouse secondary antibody 

conjugated to HRP (ThermoFisher: G-21040) in PBST. tPARG was detected using 1:300 

mouse anti-PARG antibody (Santa Cruz Biotechnology: sc-398563) in PBST followed by 

goat anti-mouse secondary antibody at 1:3000 in PBST. Images were analyzed and 

quantified using ImageJ. Regions above expected size of the binding protein were quantified 

and normalized to the lane with NAD+ and the respective binding proteins without UV 

irradiation.

For VCP (Abnova: H00007415-P02) photocrosslinking, 750 ng of PARP1 automodified 

with a mixture of 3:NAD+ or NAD+ was added to 200 ng of VCP in PBS with 100 μM 

olaparib in a final volume of 14 μL. Reactions with competition contained 3 μg of PARP1 

automodified with NAD+ added to a final volume of 14 μL. Reactions were incubated, 

subjected to UV irradiation, and run on precast PAGE gels for immunoblot detection. 

Membranes were blocked with PBST + 5% non-fat milk (w/v) for 1 hour, followed by 

detection with primary antibody 1:2000 rabbit anti-GST antibody (Cell Signaling: 2625S) 

primary antibody in PBST for 1 hour. 1:3000 goat anti-rabbit secondary antibody in PBST + 

1% (w/v) non-fat milk for 1 hour was used afterwards. Detection, analysis, and 

quantification were done as described above but with normalization to the lane with NAD+ 

and the binding proteins with UV irradiation. For RBBP7 (Abnova: H00005931-P01) 

photocrosslinking, the final volume was 12 μL and 160 ng of RBBP7 was used in place of 

VCP. For samples with competitions, 1.5 μg of PARP1 automodified with NAD+ was used in 
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a final volume of 12 μL. The samples were otherwise treated the same as VCP 

photocrosslinking.

ELISA binding assays.

To examine Fc-WWE binding toward PARylated PARP1, 10 ng of PARP1 automodified 

with NAD+ or NAD+ analogues were diluted into 100 μL of PBS and plated into 96-well 

high-binding plates (Grenier Bio-One: 655077) and incubated overnight at 4°C. Following 3 

washes using 400 μL of PBS with 0.05% Tween-20 (v/v) (PBS-0.05T), wells were blocked 

with 300 μL 3% BSA (w/v) in PBS-0.05T for 2 hours at room temperature. This was 

followed by another 3 washes with PBS-0.05T before adding 100 μL of Fc-WWE at 1:5000 

in PBS-0.05T supplemented with 0.1% BSA (w/v) for 2 hours at room temperature. Anti-

rabbit IgG antibody conjugated to HRP (System Biosciences) was used as the secondary 

antibody at a dilution factor of 1:3000 in PBS-0.05T with 0.1% BSA (w/v) for 1 hour at 

room temperature. Detection was done using QuantBlu fluorogenic peroxidase substrate 

(ThermoFisher: 15169) with an excitation wavelength of 325 nm and an emission 

wavelength of 420 nm. Results and graphs were generated using Graphpad Prism.

To analyze Fc-Macro binding for PARylated PARP1, 50 ng of automodified PARP1 was 

diluted into 100 μL and plated as before. In place of Fc-WWE at 1:5000, Fc-Macro was used 

at 1:3000. All other steps were done as for Fc-WWE.

To evaluate binding of anti-PAR antibody 10H for PARylated PARP1, 1 μg of automodified 

PARP1 was diluted into 100 μL and plated as before. In place of Fc-WWE, antibody 10H 

was used at 1:250. Anti-mouse secondary antibody was used at 1:3000 in PBS-0.05T with 

0.1% BSA (w/v) for 1 hour at room temperature. Detection was done as described above.

To assess binding of tPARG against PARylated PARP1, 200 ng of automodified PARP1 was 

seeded onto plates overnight in 100 μL at 4°C. Blocking was done as described before. 100 

μL of recombinant tPARG was incubated in the plates at a concentration of 1 μg mL−1 for 2 

hours before washing. Incubation with 100 μL of anti-PARG antibody diluted at 1:100 was 

done for 2 hours. Anti-mouse secondary antibody was used at 1:3000 in PBS-0.05T with 

0.1% BSA (w/v) for 1 hour at room temperature. Detection was done as described above.

To test binding of VCP, RBBP7, and GST (Sigma-Aldrich: SRP5348) for PARylated 

PARP1, 50 ng of automodified PARP1 was seeded onto plates overnight in 100 μL at 4°C. 

Blocking and washing were done as described before. 27 nM of VCP, 27 nM of RBBP7, or 

400 nM of GST in PBS-0.05T with 0.1% BSA (w/v) was added for 2 hours. After washing, 

100 μL of 1:1000 anti-GST antibody in PBS-0.05T with 0.1% BSA (w/v) was added for 2 

hours before washing the wells. 1:3000 goat anti-rabbit conjugated to HRP was used at 

1:3000 in PBS-0.05T with 0.1% BSA (w/v) as the secondary antibody for 1 hour at room 

temperature. Detection was done as described above.

To study protein binding for PAR, VCP (7.8 nM), RBBP7 (10.8 nM), and GST (20 nM) 

were seeded onto plates overnight in 100 μL at 4°C. Blocking and washing were done as 

described before. PAR (200 nM) (R&D Systems: 4336-100-01) was incubated in the wells 

for 2 hours at room temperature before washing the wells. 10H antibody (1:500) was added 
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to the wells for 2 hours to detect PAR. Anti-mouse HRP secondary antibody was used at 

1:3000 in PBS-0.05T with 0.1% BSA (w/v) for 1 hour at room temperature. Detection was 

done as described above.

Preparation of HEK293T cell lysates.

HEK293T cell lysate preparations for photocrosslinking for proteomic analysis were done 

by growing HEK293T cells in T75 flasks to 80% confluency and then collected using 

trypsin-EDTA solution to detach the cells from the flasks before spinning down and washing 

the cell pellets with PBS and spinning down again. 200 μL of 293T lysis buffer (25 mM 

Tris-HCl pH 7.5, 50 mM NaCl, 10% glycerol (v/v), 1% Nonidet P-40 (v/v), and Halt 

Protease Inhibitor Cocktail (ThermoFisher: 78430)) was used to resuspend the cell pellets. 

Cells were shaken for 10 minutes at room temperature before spinning down cellular debris 

at 14,000×g at 4°C for 15 minutes. Cell lysates were collected, and the cellular debris was 

resuspended with another 100 μL of 293T lysis buffer, and the cell lysis was repeated. Both 

fractions of cell lysates were combined. Protein concentrations of cell lysates were 

determined using Bradford reagent (ThermoFisher: 23236).

Photocrosslinking of PARylated PARP1 in cell lysates for mass spectrometry.

60 μg of automodified PARP1 was prepared as described above using the mixtures of 

3:NAD+. 1 mg of HEK293T lysate was added to automodified PARP1 in 400 μL total. For 

samples with competitions, 300 μg of PARP1 was automodified with 200 μM NAD+ and 

concentrated to 100 μL using Amicron 10 kDa filters before additions to PARP1 

automodified with the mixtures of 3:NAD+ prior to the additions of 293T lysates. Reactions 

without and with competitions were preincubated for 10 minutes before UV irradiation with 

365-nm wavelength light for 15 minutes in PCR tubes placed 2 cm away from the light 

source. Samples were then treated with 3× CuAAC buffer (4.5 mM THPTA, 2.25 mM 

CuSO4, 900 μM biotin-PEG4-alkyne, 22.5 mM sodium ascorbate) for 1 hour at room 

temperature. Excess alkyne-biotin was removed by buffer exchange into PBS using Amicron 

10 kDa MWCO Ultra-4 Centrifugal Filter Units (Millipore: UFC801024) by over 1000-fold 

dilution. Samples were added to 5 mL of PBS with 1% NP-40 (v/v), 100 mM NaCl, and 100 

μL of NeutrAvidin beads (ThermoFisher: 29200) and incubated with head-over-end rotation 

overnight at room temperature. Beads were spun down at 2,000×g for 5 minutes and the 

supernatant was discarded. Beads were resuspended in 500 μL PBS with 4 M urea pH 7.4 

and incubated with head-over-end rotation for 10 minutes. Beads were spun down, and the 

supernatant was discarded. This was repeated one additional time. Beads were then 

incubated in PBS with 1% NP-40 (v/v and incubated the same way for 3 times, 50 mM 

ammonium bicarbonate for 2 times, PBS for 2 times, 20% acetonitrile (v/v) 2 times, PBS for 

two times, and then 50 mM ammonium bicarbonate for two times.

For elution, beads were then resuspended in 100 μL of 0.1% Rapigest (w/v) (Waters: 

186001861) and the slurry was boiled at 98°C for 10 minutes. The beads were spun down 

and the supernatant was collected. An additional 50 μL of 0.5% Rapigest (w/v) was added to 

the boiled beads and the beads were subjected to another round of boiling. Supernatant was 

collected and combined with the previous Rapigest fraction.
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Eluted samples were first reduced by incubating in 10 mM DTT at 56°C for 20 minutes. The 

resulting thiols were alkylated with 55 mM iodoacetamide in the dark for 15 minutes. 

Proteins were digested with trypsin (Promega: V5111) at a 1:50 (w:w) ratio (trypsin:protein) 

overnight at 37°C. Peptides were acidified to 1% trifluoroacetic acid (v/v) and then desalted 

using C18 ZipTip (Millipore: ZTC18 5096). Dried peptides were resuspended in 10 μL of 

0.1% TFA (v/v) in water.

1 μg of sample was injected onto an UltiMate 3000 UHP liquid chromatography system 

(Thermo Fisher Scientific). Peptides were separated using a μPAC C18 Trapping column 

(PharmaFluidics) in-line with a 50 cm μPAC column (PharmaFluidics). Peptides were eluted 

with a 90-min gradient (0–30% acetonitrile with 0.1% formic acid (v/v) for 60 min then 30–

60% for 30 min) at a flow rate of 1 μL min−1 and electrosprayed into an Orbitrap Fusion 

Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) with a Nanospray Flex ion 

source (Thermo Fisher Scientific). The source voltage was set to 2.5 kV, and the S-Lens RF 

level was set to 30%. The instrument method consisted of one survey (full) scan from m/z 

375 to 1500 at a resolution of 120,000 in the Orbitrap mass analyzer, followed by data-

dependent MS/MS scans of selected precursor ions in the linear quadrupole ion trap (LTQ) 

using the topN method. The AGC target value was set to 4e05, and the maximum injection 

time was set to 50 ms in the Orbitrap. The parameters were set to 2e04 and 120 ms in the 

LTQ with an isolation width of 1.2 Da and normalized collision energy of 28 for precursor 

isolation and MS/MS scanning. Precursor dynamic exclusion was enabled for a duration 40 

s.

Thermo.Raw files were imported into Proteome Discoverer 2.2 (Thermo Fisher Scientific) 

using default parameters. The search engine Sequest HT was used. Parameters for protein 

searching were defined as follows: database—Uniprot human protein database (updated 

October 2018); precursor mass tolerance—10 ppm; fragment mass tolerance—0.6 Da; 

digestion—trypsin with two missed cleavages allowed; fixed modification: 

carbamidomethylation (C); variable modification: oxidation (M) and N-terminal protein 

acetylation. The Percolator node was used for peptide validation based on the PEP score. For 

protein identification a cut-off value of at least two unique high confidence peptide per 

protein with at 1% false discovery rate (FDR) was used.

Comparative analysis was performed for the lists of identified protein hits from the samples 

without and with added PARP1 automodified with NAD+ for binding competition. Only hits 

with at least 2 unique peptides were included in the analysis. Identified proteins that were 

found in the group without binding competition but disappeared in the presence of 

competition control were considered potential PARylation-dependent interacting proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Profiling PARylation-dependent interacting proteins by a bifunctional NAD+.
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Figure 2. 
Substrate activities of NAD+ analogues for human PARP1. (A) Chemical structures of NAD
+ analogues. (B) Immunoblot analysis of auto-PARylation of PARP1 with NAD+ analogues 

using a streptavidin-HRP conjugate following biotin conjugation via click chemistry. Auto-

PARylation reactions were performed in the absence or presence of the PARP inhibitor 

olaparib. Lower panel: PARP1 loading controls detected using an anti-His6 antibody. The 

observed bands between 60 and 72 kDa were proteolyzed PARP1 formed during auto-

modification reactions. (C) Relative densitometric analysis of PARylation levels. Error bars 

represent standard deviation of two replicates.
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Figure 3. 
Photocrosslinking of automodified PARP1 with model interacting proteins. PARP1 

PARylated by NAD+, 3′-N3-NAD+, 3, or a mixture of 3:NAD+ at a 1:1 molar ratio was 

incubated with (A) tPARG, (B) Fc-WWE, (C) Fc-Macro, and (D) antibody 10H in the 

absence or presence of 365-nm UV irradiation and automodified PARP1 by NAD+ for 

binding competition, followed by immunoblot analysis using an anti-PARG antibody for (A) 

tPARG, an anti-rabbit IgG antibody for (B) Fc-WWE and (C) Fc-Macro, and an anti-mouse 

IgG antibody for (D) antibody 10H. Lower panels: PARP1 loading controls detected using 

an anti-His6 antibody. The observed bands between 45 and 72 kDa were proteolyzed PARP1 

formed during auto-modification reactions. Brackets indicate regions of crosslinked protein 

complexes. Full-sized anti-His6 immunoblots are shown in Figure S5.
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Figure 4. 
Verification of novel PARylation-dependent interacting proteins. (A) Venn diagram of 

protein hits identified from photocrosslinking in cell lysates. (B) Binding of GST-VCP and 

GST-RBBP7 for unmodified PARP1 and automodified PARP1 by NAD+. Unmodified 

PARP1 and NAD+-modified PARP1 were coated on ELISA plates for binding analysis with 

two identified protein hits. ns: not significant, *P < 0.05, *** P < 0.001 by one-tailed 

unpaired t-test. Error bars represent standard deviation of three replicates. RFU: relative 

fluorescence unit. (C) and (D) Photocrosslinking of automodified PARP1 with (C) VCP and 

(D) RBBP7. PARP1 PARylated by NAD+ or a mixture of 3:NAD+ (molar ratio 1:1) was 

incubated with GST-VCP or GST-RBBP7 without and with 365-nm UV and NAD+-

modified PARP1 for binding competition, followed by immunoblot analysis using an anti-
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GST antibody. Expected sizes for VCP and RBBP7 are indicated by the arrow for (C) and 

(D) respectively. Lower panels: PARP1 loading controls detected using an anti-His6 

antibody. The observed bands between 45 and 72 kDa were proteolyzed PARP1 formed 

during auto-modification reactions. Brackets indicate regions of crosslinked protein 

complexes.
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Table 1.

Kinetic parameters of NAD+ and its analogues with human PARP1.

Substrate kcat (min−1) Km (μM) kcat/Km (min−1 M−1)

PARP activity

NAD+ 15.4 ± 1.2 162.1 ± 33.9 9.5 × 104

3′-N3-NAD+ 17.7 ± 3.6 557.7 ± 193.7 3.2 × 104

3 25.8 ± 2.7 407.7 ± 83.2 6.3 × 104

NADase activity

NAD+ 3.4 ± 1.1 346.1 ± 223.9 9.8 × 103

3′-N3-NAD+ < 0.2 N/A N/A

3 < 0.017 N/A N/A
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