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ABSTRACT: Nicotinamide adenine dinucleotide (NAD+) is a multifunctional molecule. Beyond redox metabolism, NAD+ has an
equally important function as a substrate for post-translational modification enzymes, the largest family being the poly-ADP−ribose
polymerases (PARPs, 17 family members in humans). The recent surprising discoveries of noncanonical NAD (NAD+/NADH)-
binding proteins suggests that the NAD interactome is likely larger than previously thought; yet, broadly useful chemical tools for
profiling and discovering NAD-binding proteins do not exist. Here, we describe the design, synthesis, and validation of clickable,
photoaffinity labeling (PAL) probes, 2- and 6-ad-BAD, for interrogating the NAD interactome. We found that 2-ad-BAD efficiently
labels PARPs in a UV-dependent manner. Chemical proteomics experiments with 2- and 6-ad-BAD identified known and unknown
NAD+/NADH-binding proteins. Together, our study shows the utility of 2- and 6-ad-BAD as clickable PAL NAD probes.

Nicotinamide adenine dinucleotide (NAD+) wears differ-
ent hats in the cell: on the one hand, it serves as a

coenzyme for oxidoreductases in metabolism, and on the
other, it is a substrate for signaling enzymes that mediate post-
translational modifications.1 Unlike oxidoreductases, which
mediate the reversible two-electron reduction of NAD+ to
NADH, the enzymes that use NAD+ as a substrate cleave the
nicotinamide glycosidic bond of NAD+ leading to the
consumption of NAD+. The most prominent NAD+ consumers
in human cells are poly-ADP−ribose polymerases (PARP-1−
17) and sirtuins (SIRT1−7).2 Intriguingly, recent studies show
that noncanonical NAD+ consumers exist (e.g., SARM1,3−6

DTX3L7), which have NAD+-binding sites that are quite
distinct from the conserved structural motifs found in
canonical NAD+ consumers. Additionally, NADH can act as
an allosteric modulator of proteins (e.g., NAD-dependent
isocitrate dehydrogenase).8 Hence, the NAD (NAD+/NADH)
interactome is likely much more diverse than previously
anticipated based solely on analysis of protein sequences.
We sought an unbiased strategy to profile NAD-binding

proteins. Chemical proteomics using photoaffinity labeling
(PAL) is a powerful approach for unbiased profiling of
proteome-wide small-molecule−protein interactions.9 Small-
molecule probes for PAL are bifunctional: they contain a
photoreactive moiety as well as a “clickable” tag (e.g., alkyne).
While several photoreactive groups have been used for PAL,
diazirines are popular because of their compact structure and
excellent photo-cross-linking properties.10 Although clickable
PAL probes have been developed for nucleotides such as S-
adenosyl methionine (SAH),11 and, more recently, adenosine
triphosphate (ATP),12 a clickable PAL NAD probe has
heretofore not been described.
We reasoned that a clickable PAL NAD probe should

contain an enzymatically stable nicotinamide glycosidic bond.
There are several NAD+ analogues that fit this criterion:
benzamide adenine dinucleotide (BAD),13 carba-NAD+,14 and
4-thioribose NAD+ (S-NAD+).15 Importantly, these NAD+

analogues are not cleaved by NAD+ consumers.13,14 BAD,
but not carba-NAD+, binds to PARP-1 and inhibits its
enzymatic activity.16 Additionally, BAD inhibits NAD+/
NADH-binding enzymes.13 Therefore, we focused our design
efforts based on BAD.
To convert BAD into a clickable PAL probe for NAD+

consumers and other NAD-binding proteins, we sought
positions on BAD that could be modified with a photoreactive
group and a clickable tag without perturbing BAD’s
interactions with its targets. We focused on the adenine ring
of BAD, because our previous studies on orthogonal NAD+

analogues for engineered PARPs showed that substitutions on
the nicotinamide ring were not tolerated by wild-type
PARPs.17,18 On the adenine ring of BAD, there are three
possible positions that could be modified: N-6, C-2, and C-8.
We scrutinized the crystal structure of BAD bound to PARP-1
(PDB: 6bhv).16 In this structure, the C-2 position of the
adenine ring of BAD is solvent-exposed, whereas the N-6
position is partially solvent-exposed (Figure 1a). In contrast,
the C-8 position is buried in the NAD+-binding pocket. We
therefore designed and synthesized modified BAD analogues
with a “minimalist” linker19 containing a diazirine and a
terminal alkyne at the C-2 or N-6 positions of the adenine ring
(2-ad-BAD, 1, and 6-ad-BAD, 2) (Figure 1b and Schemes S1−
6).
We first evaluated our clickable PAL NAD probes on PARP

enzymatic activity. PARPs catalyze the transfer of the ADP−
ribose (ADPr) moiety of NAD+ to target proteins in a process
known as ADP-ribosylation. In humans, PARPs fall into two
major subgroups: (i) PARPs that catalyze poly-ADP-
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ribosylation (PARylation) and (ii) PARPs that catalyze mono-
ADP-ribosylation (MARylation).20 In previous work, we and
others found that C-2-modified NAD+ analogues are much
better substrates than N-6-modified NAD+ analogues for
PARP-1 and several other PARP family members.21,22

Therefore, we focused on 2-ad-BAD for PARP studies. We
tested the activity of 2-ad-BAD against members from each
subgroup: PARP-1 (PARylating enzyme) and PARP-10
(MARylating enzyme). Similarly to BAD (Scheme S7), 2-ad-
BAD dose-dependently inhibited PARP-1 auto-PARylation
and PARP-10 auto-MARylation (Figures 1c−e and S1). 2-ad-
BAD was more potent against PARP-10 compared to PARP-1
(Figure 1c−e); however, the opposite was true for BAD
(Figure S1). Thus, the minimalist linker for PAL at the C-2
position of 2-ad-BAD is tolerated for both PARylating and
MARylating PARPs.
We next determined the ability of 2-ad-BAD to label PARP-

1 in a UV-dependent manner. Previous studies showed that
BAD binding to PARP-1 is DNA-dependent. In the absence of
damaged DNA, the NAD+-binding pocket is sterically
occluded.16 When PARP-1 binds damaged DNA, the steric
block is relieved via long-range allosteric coupling between the
DNA-binding domains and the catalytic domain (Figure 2a).16

We incubated PARP-1 in the presence or absence of damaged
DNA prior to incubation with 2-ad-BAD, followed by UV
irradiation (350 nm) for 5 min, and copper-catalyzed
conjugation to a TAMRA−azide probe. Labeling of PARP-1

by 2-ad-BAD is dependent strictly on the presence of damaged
DNA (Figure 2b). To determine if this is a unique feature of 2-
ad-BAD compared to a PAL probe based on a PARP-1
inhibitor, we synthesized an olaparib (FDA-approved PARP-1
inhibitor) analogue containing an alkyne diazirine minimal
linker (ad-olaparib) (Scheme S8). Ad-olaparib labels PARP-1
independent of PARP-1 binding to damaged DNA (Figure 2c).
Thus, 2-ad-BAD, but not ad-olaparib, is an NAD+-binding site
conformational reporter of PARP-1. In addition to PARP-1, we
found that 2-ad-BAD labeled PARP-10; however, labeling of
PARP-10 was independent of damaged DNA (Figures 2b and
S2). Unlike 2-ad-BAD, 6-ad-BAD did not label PARP-1 or
PARP-10 (Figure S3). Together, these results show that 2-ad-
BAD is an efficient clickable PAL NAD probe for both
PARylating and MARylating PARPs.
We next examined the labeling specificity of 2-ad-BAD. We

preincubated either PARP-1 or PARP-10 with a series of
adenine-containing nucleotides prior to incubation with 2-ad-
BAD. NAD+ and related dinucleotides (BAD, NADH) reduced
2-ad-BAD labeling of PARP-1 and PARP-10 (Figures 3a,b and
S4a). By contrast, the mononucleotides ADPr, ADP, or ATP
did not block labeling of PARP-1 and PARP-10 by 2-ad-BAD
(Figures 3a,b and S4a). These results further confirm the
labeling specificity of 2-ad-BAD for the NAD+-binding site in
PARP family members.
PAL probes that target broadly enzymes belonging to

particular family have found utility in competition labeling

Figure 1. Clickable PAL NAD probe inhibits the activity of PARP-1 and PARP-10. (a) Crystal structure of BAD bound to PARP-1 (PDB: 6BHV).
(b) Chemical structures of NAD+, benzamide adenine dinucleotide (BAD), 2-ad-BAD (1), and 6-ad-BAD (2). (c) Dose-dependent inhibition of
PARP-1 auto-PARylation activity by 2-ad-BAD. Auto-PARylation of PARP-1 was detected using an anti-ADPr antibody, which detects both
PARylation and MARylation. (d) Dose-dependent inhibition of PARP-10 auto-MARylation activity by 2-ad-BAD. Auto-MARylation of PARP-10
was detected as described in (c). (e) Quantification of results in (c) and (d). Data are mean ± SEM of three independent experiments.
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experiments, especially for examining family-wide inhibitor
selectivity.23 We envisioned that 2-ad-BAD could be used for
examining inhibitor selectivity across the PARP family. To test
this idea, we performed competition labeling experiments with
two PARP inhibitors: NMS-P118, a selective inhibitor of
PARP-1,24 and ITK6, a pan-MARylating PARP inhibitor that
inhibits PARP-10.25 Consistent with the effects of these
compounds on PARP-1 or PARP-10 enzymatic activity (Figure
S1a,b), NMS-P118 blocked the labeling of PARP-1, whereas
ITK6 blocked the labeling of PARP-10 by 2-ad-BAD in dose-
dependent manner (Figures 3c,d and S4b). By contrast, NMS-
118 did not block the labeling of PARP-10 and ITK6 did not
block the labeling of PARP-1 by 2-ad-BAD (Figures 3c,d and
S4b). These results show that 2-ad-BAD can be used for
profiling the selectivity of PARP inhibitors across multiple
PARP family members.
We next used our clickable PAL NAD probes in chemical

proteomic experiments for profiling the NAD interactome in
whole cell lysates. We treated HEK 293T cell lysates with
either 2-ad-BAD or 6-ad-BAD alone or in the presence of BAD
(competitor), followed by UV irradiation. Protein targets of 2-
ad-BAD or 6-ad-BAD were detected by click conjugation with
desthiobiotin-azide. We detected the labeling of several
proteins, many of which were competed by BAD (Figure
4a,b). We enriched desthiobiotinylated proteins using
streptavidin agarose (Figure 4a,b) as well as proteolyzed and
subjected eluted peptides to LC−MS/MS. We identified 261
and 141 proteins in 2-ad-BAD and 6-ad-BAD samples,
respectively, that were at least 2-fold enriched in UV-irradiated
samples in duplicate LC−MS/MS experiments (Table S1). A
total of 74 proteins were competed at least 2-fold by BAD; of
these, 10 were identified in both data sets (Figure 4c). Hence,
2-ad-BAD and 6-ad-BAD mostly label distinct proteins but also
share some targets.

We performed further analyses on the 74 targets that were
competed by BAD. The largest group of nucleotide-binding
proteins are NAD+/NADH/NADP+/NADPH binders (27),
followed by ATP binders (17), AMP (2), GTP (2), ADPr (1),
and FAD (1) binders (Figure 4d). Intriguingly, the other 24
targets are not known to bind NAD or related nucleotides
(Figure 4d). Next, we confirmed our LC−MS/MS results
using streptavidin enrichment followed by immunoblot
detection. In addition to PARP-1, we confirmed the unknown
NAD-binders 26S proteasome regulatory subunit 7 (Psmc2)
and adenylate kinase (AK) 1 and 2 as targets of 2-ad-BAD but
not 6-ad-BAD (Figure S5). We also confirmed targets of 6-ad-
BAD, including the known NAD-binder C-terminal binding
protein 1 (Ctbp1),26,27 a transcriptional regulator whose
corepressor function is regulated by NAD+/NADH binding,
as well as the unknown NAD-binder tRNA methyltransferase
10 homologue C (TRMT10C/MRPP1) (Figure S5b).
Together, our results show that 2-ad-BAD and 6-ad-BAD are
useful in chemical proteomics applications for identifying
knownand previously unknownNAD-binding proteins.
Lastly, we further evaluated the binding of NAD+ and related

nucleotides to the 2-ad-BAD target AK1. AK1 is an enzyme
that transfers the terminal phosphate group between ATP and
AMP and thus is critical in cellular energy state monitoring and

Figure 2. 2-ad-BAD labels the NAD+ consumers PARP-1 and PARP-
10. (a) Schematic of the activation of PARP-1 by damaged DNA. In
the basal state, the helical domain (HD, yellow) sterically occludes the
NAD+-binding site in the catalytic domain (CD, orange). Upon
binding damaged DNA, the HD partially unfolds relieving the steric
block on the NAD+-binding site. (b) Activated DNA is required for
PARP-1, but not PARP-10, labeling by 2-ad-BAD. UV-dependent,
covalent labeling of PARPs was detected by in gel fluorescence
scanning (TAMRA). Coomassie was used as a loading control. (c)
The labeling of PARP-1 by the clickable olaparib PAL probe, ad-
olaparib, is independent of damaged DNA binding.

Figure 3. 2-ad-BAD labels the NAD+-binding site and can be used for
profiling PARP inhibitor selectivity. Dinucleotides, but not mono-
nucleotides, block 2-ad-BAD labeling of PARP-1 (a) and PARP-10
(b). PARP inhibitor competition labeling experiments for PARP-1 (c)
and PARP-10 (d).
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stress response.28 Labeling of recombinant AK1 by 2-ad-BAD
is effectively competed by its known ligands, AMP and ATP,
but also BAD, NADH, and to a lesser extent NAD+ and ADPr
(Figure S6a). We further evaluated nucleotide binding to AK1
by thermal shift analysis using differential scanning fluorimetry
(DSF). While both NAD+ and NADH caused a shift in AK1
thermal stabilization compared to vehicle control, NADH
showed a thermal shift similar to ATP and ADP (Figure S6b).
Together, these results suggest that NADH, and perhaps
NAD+, can bind to AK1. Interestingly, squid mantle AK is less
susceptible to denaturation by heat or proteolysis in the
presence of NADH. NADH was also shown to act as a
noncompetitive inhibitor of squid AK.29 In another study, it
was found that AK1 can be eluted from blue dextran−
sepharose chromatography (used historically for purifying
NAD+/NADH dehydrogenases) by NADH, and its activity
was competitively inhibited by both NAD+ and NADH.30

In this study, we developed new clickable PAL NAD probes
that label NAD-binding proteins in a UV-dependent manner.
2-ad-BAD labels the NAD+ consumers PARP-1 and PARP-10
in a UV-dependent manner and can be used for profiling the
selectivity of PARP inhibitors across multiple PARP family
members. We also demonstrated that 2-ad-BAD and 6-ad-BAD
can identify known and unknown NAD-binding proteins in a
cellular context. A limitation of 2- and 6-ad-BAD is that they
might not capture all possible NAD-binding proteins in cells
due to steric constraints or lack of efficient photo-cross-linking.
Nevertheless, we envision that our clickable PAL NAD probes
will be useful in future chemical proteomics studies for
profiling the NAD+ interactome across different tissues as well
as in disease contexts.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c01302.

Table S1: 2-ad-BAD and 6-ad-BAD targets as identified
by LC−MS/MS analysis (XLSX)
Figures S1−S6, Schemes S1−S8, experimental proce-
dures, and compound synthesis and characterization
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Michael S. Cohen − Department of Chemical Physiology and
Biochemistry, Oregon Health and Science University,
Portland, Oregon 97239, United States; orcid.org/0000-
0002-7636-4156; Email: cohenmic@ohsu.edu

Authors
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