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ABSTRACT: Nicotinamide adenine dinucleotide (NAD+) is required for a
myriad of metabolic, signaling, and post-translational events in cells. Its levels in
tissues and organs are closely associated with health conditions. The homeostasis
of NAD+ is regulated by biosynthetic pathways and consuming enzymes. As a
membrane-bound protein with robust NAD+ hydrolase activity, cluster of
differentiation 38 (CD38) is a major degrader of NAD+. Deficiency or inhibition
of CD38 enhances NAD+ levels in vivo, resulting in various therapeutic benefits. As
a metabolic precursor of NAD+, nicotinamide mononucleotide can be rapidly
hydrolyzed by CD38, whereas nicotinamide riboside (NR) lacks CD38 substrate
activity. Given their structural similarities, we explored the inhibition potential of
NR. To our surprise, NR exhibits marked inhibitory activity against CD38 by
forming a stable ribosyl−ester bond with the glutamate residue 226 at the active
site. Inspired by this discovery, we designed and synthesized a clickable NR
featuring an azido substitution at the 5′-OH position. This cell-permeable NR analogue enables covalent labeling and imaging of
both extracellular and intracellular CD38 in live cells. Our work discovers an unrecognized molecular function of NR and generates a
covalent probe for health-related CD38. These findings offer new insights into the role of NR in modulating NAD+ metabolism and
CD38-mediated signaling as well as an innovative tool for in-depth studies of CD38 in physiology and pathophysiology.
KEYWORDS: enzymes, nucleosides, inhibitors, CD38, probes

■ INTRODUCTION
Nicotinamide adenine dinucleotide (NAD+) is an essential
cofactor participating in a variety of cellular events and
processes, such as redox cycling, post-translational modifica-
tions, signaling transduction, and epigenetic regulation.1−7 The
decline of NAD+ levels is associated with aging, neuro-
degeneration, metabolic diseases, cardiovascular disorders, and
other health conditions.8−14 In addition to de novo and
Preiss−Handler pathways, NAD+ can be synthesized through a
salvage pathway from nicotinamide via nicotinamide phos-
phoribosyltransferase (NAMPT) or from nicotinamide ribo-
side (NR) via NR kinases (NRKs) and nicotinamide
mononu c l e o t i d e (NMN) ad e n y l y l t r a n s f e r a s e s
(NMNATs).15−17 The human genome encodes different
classes of enzymes dependent on NAD+, including oxidor-
eductases, ADP-ribosyl transferases, ADP-ribosyl cyclases, and
sirtuins.18−23 These degradation enzymes coordinate with
those biosynthetic ones to maintain NAD+ homeostasis, critical
for cellular physiology. Dysregulation of the NAD+ metabolic
network tends to contribute to the pathophysiology of many
human diseases.11,24−26

As a member of the ADP-ribosyl cyclase family, cluster of
differentiation 38 (CD38) is a single-pass transmembrane
protein, catalyzing the conversion of NAD+ into cyclic ADP-

ribose (cADPR) and ADP-ribose (ADPR) that function as
second messengers for endogenous calcium mobilization
(Figure 1A).27−33 The catalytic residue glutamate 226
(E226) at the CD38 active site is involved in the formation
of activated intermediates following nicotinamide release,
which lead to generation of products (Figure 1A).34,35 In
addition to the cell membrane, CD38 is localized on the
membranes of intracellular compartments, such as the
endoplasmic reticulum and nucleus. It exists as either a type
II or type III membrane protein with an opposite membrane
orientation for the C-terminal catalytic domain.36−39 Like the
most common type II CD38, type III CD38 is functionally
active in producing the calcium-mobilizing messengers (Figure
1B).36,37 The membrane-bound CD38 is characterized by
robust NAD+-glycohydrolase (NADase) activity and plays a
major role in modulating NAD+ levels in tissues and
organs.11,13,40−43 Genetic deletion or pharmacological inhib-
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ition of CD38 provides protection from aging-related
metabolic disorders, myocardial infarction, nonalcoholic fatty
liver disease, neuroinflammation, and fibrosis in preclinical
models by augmenting NAD+ levels in vivo.9,40,42,44−50

CD38 is known to hydrolyze NAD+ and its precursor NMN
but lacks enzymatic activity for NR (Figure 1A).13,51,52 Given
the structural similarities between NMN and NR, we asked
whether NR could act as an inhibitor of CD38. To our
surprise, NR, the metabolic precursor of NAD+, is found to
covalently inhibit CD38 activity by forming a stable ribosyl−
ester bond with the E226 residue at the catalytic site (Figure
1B).53,54 Importantly, our designed clickable NR analogue
enables the labeling and imaging of CD38 in living cells
(Figure 1B). This work discovers a new functional role of NR

and generates a valuable chemical probe for studying CD38 in
live-cell conditions.

■ RESULTS
In addition to the native substrate NAD+, CD38 recognizes
NMN for rapid hydrolysis.13,52 Compared to the chemical
structure of NMN, NR only misses a 5′-phosphate group
(Figure 1A) but resists to catalytic cleavage by CD38.13,51,52

Considering these prior findings, we explored the inhibition
potential of NR against CD38. To this end, recombinant
CD38 extracellular domain was preincubated in the absence
and presence of NMN or NR for 2 h at room temperature
(RT). The enzymatic activity of preincubated CD38 was then
measured through nicotinamide guanine dinucleotide

Figure 1. NR and its clickable analogue for covalent inhibition and live-cell labeling of CD38. (A) CD38-catalyzed reactions with NAD+, NMN,
and NR. (B) Covalent inhibition of CD38 by NR and labeling of cellular CD38 by 5′-N3-NR.
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(NGD+)-based fluorescence assays, in which NGD+ is
converted by catalytically active CD38 into fluorescent cyclic
GDP-ribose (cGDPR).55 Unexpectedly, CD38 pretreated by
NR shows no enzymatic activity, whereas the NMN-treated
CD38 displays activity comparable to that of CD38 without
preincubation with NMN or NR (Figure 2A). Similar results
were observed following overnight incubation of CD38 on ice
without or with NMN or NR. In contrast to CD38 incubated
overnight in PBS, the enzymatic domain of CD38
preincubated overnight with NR gives rise to no catalytic
activity with NGD+ (Figure 2B). These results suggest that NR
or its degradation product by CD38 can function as a potent
inhibitor for CD38. Interestingly, overnight incubation with
NMN reduces CD38 enzymatic activity (Figure 2B), resulted
from the nicotinamide product-derived inhibition (Figure S1).

To examine potential NR cleavage by CD38, a HPLC
analysis was carried out. In comparison with NAD+ and NMN
controls that are fully converted by CD38 within 2 h to
nicotinamide and ADPR and nicotinamide and ribose-5′-
phosphate, respectively (Figures 2C,D and S2), less than 1% of
NR was consumed following 2 h incubation with CD38
(Figures 2E and S2, and Table S1). Extended incubation of
NR with CD38 results in degradation less than 6% within 48 h
and below 9% for 96 h (Figure 2E and Table S1). Together
with the above NGD+-based assay results, these data support
that NR itself is a CD38 inhibitor.
Next, the inhibition kinetics of NR against CD38 was

examined via the NGD+-based fluorescence assay using various
concentrations of NR (Figure 3A). Fluorescence signals
indicate dose- and time-dependent inhibition, suggesting that
NR is a covalent inhibitor of CD38. An inactivation rate of

Figure 2. Enzymatic activity of human CD38. (A,B) Monitoring of enzymatic activity of recombinant CD38 extracellular domain via NGD+-based
fluorescence assays after 2 h (A) or overnight (B) incubation in the absence and presence of NMN or NR. CD38 (20 nM) was preincubated
without or with NMN or NR (2 μM) for 2 h at RT or overnight on ice, followed by additions of NGD+ (100 μM) and measurements of the
formation of fluorescent cGDPR at 410 nm. (C−E) High-performance liquid chromatography (HPLC) analysis of the enzymatic activity of
recombinant CD38 extracellular domain with NAD+ (C), NMN (D), and NR (E). CD38 (170 nM) was incubated with NAD+, NMN, or NR (170
μM) for 2 h, overnight, 2 days, or 4 days, followed by HPLC analysis via UV absorbance at 260 nm. Reactions without CD38 under the same
conditions were included as controls.
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2.25 × 10−3 s−1 was determined by fitting the kinetic data into
the covalent inhibition equation. Moreover, NGD+-based
fluorescence activity assays revealed that additions of NAD+,
NMN, or nicotinamide at equal molar concentrations result in
little changes to the inactivation of CD38 by NR (Figure S3).
To evaluate the stability of the potential covalent bond
between NR and CD38 at a neutral pH, a complex of CD38-

NR was prepared and incubated for up to 24 h to measure the
restored CD38 catalytic activity. The half-life of the CD38-NR
complex is calculated to be over 28 h (Figures 3B and S4).
Furthermore, the presence of nicotinamide reveals no
significant changes on the stability of the CD38-NR complex
(Figure S5). The CD38-NR complex together with CD38
alone was then analyzed by mass spectrometry. In contrast to

Figure 3. Covalent inhibition of human CD38 by NR. (A) Kinetics of the inactivation of the recombinant CD38 extracellular domain by NR.
CD38 was incubated with NGD+ (100 μM) and varied concentrations of NR in PBS. Its enzymatic activity was monitored based on cGDPR
fluorescence at 410 nm. (B) Stability of the CD38-NR complex at a neutral pH. The CD38-NR complex prepared from overnight reactions or
CD38 alone was incubated in PBS for 0−24 h, followed by measurements of CD38 catalytic activity via NGD+-based fluorescence assays to
determine the remaining percentages of the CD38-NR complex. (C,D) Mass spectra of the recombinant CD38 extracellular domain (C) and the
CD38-NR complex (D). MW, molecular weight. (E) X-ray crystal structure of the human CD38-NR complex. At the zoomed-in active site, the
ribose group (cyan) is covalently attached to E226 and the NR ligand (magenta) is stacked against W189 and stabilized by hydrogen bonds with
E146 and D155. 2mFo-DFc electron density map is shown as a blue mesh around highlighted residues and ligands at a level of 1 sigma. Hydrogen
bonds are shown as yellow dashed lines. PDB ID: 8VAU.
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the recombinant CD38 extracellular domain, the CD38-NR
complex revealed a shift of 132 Da, matching a covalently
attached ribose (Figure 3C,D). Mass spectrometric analysis of
CD38 and the CD38-NR complex digested by trypsin
identified a peptide carrying the ribose group for CD38-NR
(Figure S6). Given the presence of catalytic residue E226
within this peptide, we postulate that the NR-derived ribose
forms a covalent bond with E226 at the active site. Notably,
this covalent attachment was observed in a high-resolution X-
ray structure of the CD38-NR complex (Figure 3E and Table
S2). At the CD38 catalytic center, a ribose forms a stable ester
bond with the side chain of E226 in an α configuration. The
resulting nicotinamide from NR cleavage, however, is absent
from the binding pocket. Instead, an intact NR ligand with its

nicotinamide moiety stacking with the indole ring of W189 and
the amide group making hydrogen bonds with side chains of
E146 and D155 is found within the active site in addition to
the covalently bound ribose. Collectively, these results support
the idea that NR can covalently inhibit CD38 and form a stable
ribosyl−ester bond with the E226 side chain.
Inspired by the covalent inhibition activity of NR against

CD38, we envisioned that a clickable NR analogue could
enable the labeling and imaging of CD38 in living cells. To this
end, we designed and synthesized 5′-N3-NR (Figures 4A and
S7). Remote from the reaction center, 5′-azido is expected to
minimize the effects of chemical modification on the inhibition
activity with CD38. Moreover, 5′-azido substitution can block
5′-phosphorylation by NRKs for subsequent metabolic

Figure 4. Covalent inhibition of human CD38 by 5′-N3-NR. (A) Chemical structure of 5′-N3-NR and HPLC analysis of the enzymatic activity of
the recombinant CD38 extracellular domain with 5′-N3-NR. CD38 (170 nM) was incubated with 5′-N3-NR (170 μM) for 2 h, 4 days, followed by
HPLC analysis via UV absorbance at 260 nm. Reactions without CD38 under the same conditions were included as controls. (B) Kinetics of the
inactivation of CD38 by 5′-N3-NR. The enzymatic activity of CD38 was monitored based on formed fluorescent cGDPR at 410 nm following
additions of NGD+ (100 μM) and various concentrations of 5′-N3-NR. (C) Immunoblot analysis of labeling of CD38 by 5′-N3-NR. CD38 was
incubated in the absence and presence of NR or 5′-N3-NR in PBS for 2 h at RT, followed by biotinylation via click chemistry and immunoblots
using a streptavidin-HRP conjugate and an anti-His6 antibody.
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conversion, facilitating the stabilization of the cellular levels of
5′-N3-NR for efficient labeling of CD38.
5′-N3-NR was first evaluated for substrate activity with

CD38 by HPLC. Following up to 4 day incubation with CD38,
little degradation of 5′-N3-NR was observed (Figure 4A and
Table S1). The NGD+-based fluorescence assays indicated that
5′-N3-NR displays dose- and time-dependent inhibition of
CD38 with a kinact of 3.08 × 10−3 s−1, similar to that of NR
(Figure 4B). Recombinant CD38 was then incubated in the
absence and presence of NR or 5′-N3-NR for 2 h, followed by
additions of alkyne-biotin for click reactions. Immunoblot
analysis indicated the successful labeling of CD38 with biotin
via 5′-N3-NR, whereas no biotin signals were detected for
CD38 or CD38 with NR (Figure 4C). These results support
the idea that 5′-N3-NR can covalently label CD38 and allow
attachments of clickable tags.
Following the discovery of NR and 5′-N3-NR as covalent

inhibitors of recombinant CD38, they were then examined for
the inhibitory activity of cellular CD38. The HL60 cell line was
chosen as a cellular model as HL60 cells treated with all-trans
retinoic acid (ATRA) at 0.1−10 μM for 2 days show
significantly increased expression levels of CD38 (Figure
5A). By activating the mitogen-activated protein kinase
(MPAK) pathway, ATRA induces the differentiation of
HL60 cells and upregulation of CD38 expression.56,57 ATRA

(1 μM) was used for subsequent cellular studies to induce
CD38 expression. In comparison to HL60 cells without or with
ethanol treatment, ATRA-treated HL60 cells feature sub-
stantial CD38 enzymatic activity according to NGD+-based
fluorescence assays (Figure 5B), consistent with CD38
expression levels analyzed by flow cytometry (Figure 5A).
Using the same fluorescence assay, the inhibition of NR and
5′-N3-NR against cell-surface CD38 was evaluated. ATRA-
treated HL60 cells that were preincubated with 50 and 100 μM
NR or 5′-N3-NR are characterized by significantly decreased
fluorescence intensities in the NGD+ activity assays relative to
those of cells without NR or 5′-N3-NR (Figure S8). To
confirm the covalent inhibition by NR or 5′-N3-NR, ATRA-
treated HL60 cells were washed to remove free compounds
following 1 h preincubation with 50 μM NR or 5′-N3-NR.
Subsequent NGD+ fluorescence assays indicate that the
catalytic activity of cell-surface CD38 was markedly inhibited
by NR or 5′-N3-NR (Figure 5C). HL60 cells treated without
or with ethanol were included as controls. Furthermore,
ATRA-treated HL60 cells were incubated with 100 μM NGD+

in the absence and presence of 100 μM NR or 5′-N3-NR.
Fluorescence signals for cGDPR were measured for 10−60
min. NR or 5′-N3-NR exhibits significant inhibition for cellular
CD38 catalytic activity (Figure 5D). These results indicate that

Figure 5. Inhibition of the enzymatic activity of cell-surface CD38 by NR and 5′-N3-NR. (A) Flow cytometric analysis of CD38 expression levels
on HL60 cells after ATRA treatment. HL60 cells were treated without or with ethanol or 0.1−10 μM ATRA for 2 days, followed by flow cytometry.
(B) Enzymatic activity of HL60 cell-surface CD38. HL60 cells were treated without or with ethanol or 1 μM ATRA for 2 days. After changing
media, cells were incubated with 100 μM NGD+ for 1 h at 37 °C with 5% CO2 and centrifuged. The supernatants were measured for cGDPR
fluorescence at 410 nm. (C) Inhibition of HL60 cell-surface CD38 activity by NR and 5′-N3-NR. HL60 cells were treated without or with ethanol
or 1 μM ATRA for 2 days and incubated in fresh media without or with 50 μM NR or 5′-N3-NR for 1 h. After removing media with free NR or 5′-
N3-NR, cells were resuspended in media with 100 μM NGD+ for 1 h incubation, followed by centrifugation and measurements of cGDPR
fluorescence in supernatants. (D) Time course inhibition of cell-surface CD38 by NR and 5′-N3-NR. HL60 cells treated by 1 μM ATRA for 2 days
were incubated with 100 μM NGD+ for 10−60 min in the absence and presence of 100 μM NR or 5′-N3-NR, followed by centrifugation and
measurements of cGDPR fluorescence in supernatants. **P < 0.01 and ***P < 0.001 by the two-tailed unpaired t-test.
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both NR and 5′-N3-NR can inhibit cell-surface-expressed
CD38 activity.
The capability of 5′-N3-NR to label and visualize cellular

CD38 was next studied. HL60 and HL60 treated with ethanol
or ATRA were incubated for 1 h in the absence and presence
of 100 μM 5′-N3-NR. Following copper-free click reactions
with Alexa488-dibenzocyclooctyne (DBCO), confocal micros-
copy revealed high levels of 5′-N3-NR-dependent green
fluorescence signals only on surfaces of ATRA-treated HL60
cells, which are suppressed by excess amounts of NR (Figure
S9). To further validate the labeling specificity of 5′-N3-NR,
HL60 cells without or with ATRA treatment were stained with
an anti-CD38 monoclonal antibody-allophycocyanin (APC) in
addition to incubation without and with 5′-N3-NR and
Alexa488-DBCO. Confocal imaging analysis showed upregu-
lated cell-surface CD38 for ATRA-treated cells as detected by
the anti-CD38 antibody-APC, which were colocalized with
ones labeled by 5′-N3-NR and Alexa488-DBCO (Figure 6).
These results demonstrate that 5′-N3-NR is a covalent probe
for labeling CD38 in live cells.
Since NR is a cell-permeable nucleoside,15,58 5′-N3-NR is

likely to efficiently cross cell membrane given their structural
similarities, which could enable the labeling of not only cell-
surface CD38 but also intracellular CD38 (e.g., type III
CD38). After incubating 5′-N3-NR with HL60 cells for 0−4 h,
liquid chromatography−mass spectrometry (LC−MS) quanti-
tative analysis of collected cell pellets and medium indicated
rapid cellular uptake and adequate stability in culture medium
for 5′-N3-NR (Figure 7), supporting its potential to covalently
label intracellular CD38.
5′-N3-NR was next applied to label and image upregulated

CD38 in live cells. To specifically label intracellular CD38, 2′-
F-arabinose NAD+ (2′-F-araNAD+), a covalent inhibitor of

CD38, was synthesized according to previous studies.28,29,53

Due to low cell permeability, 2′-F-araNAD+ can rapidly label
cell-surface CD38, preventing 5′-N3-NR from targeting
extracellular CD38. In addition, a clickable 6-N3-2′-F-araNAD+

was synthesized (Figure S10), which is expected to allow
selective attachment to extracellular CD38 and subsequent
fluorescent labeling via click chemistry. Kinetic studies of
recombinant CD38 with NGD+ at various concentrations of
2′-F-araNAD+ and 6-N3-2′-F-araNAD+ confirm their covalent
inhibition activities with kinact of 2.36 × 10−2 s−1 for 2′-F-
araNAD+ and 1.22 × 10−2 s−1 for 6-N3-2′-F-araNAD+ (Figures
S11 and S12).
Upregulation of CD38 expression in HL60 cells was induced

by ATRA treatment for 2 or 4 days. Cells without and with
ATRA treatment were then incubated with 5′-N3-NR to
covalently label global CD38. To exclusively label extracellular

Figure 6. Visualization of cellular CD38 by 5′-N3-NR. HL60 cells treated without or with 1 μM ATRA for 2 days were incubated in the absence
and presence of 100 μM 5′-N3-NR for 1 h at 37 °C. Cells were then incubated with 10 μM Alexa488-DBCO for 2 h at RT, followed by washing
with DPBS, fixation, permeabilization for DAPI as well as anti-CD38-APC staining at RT, and confocal imaging. Scale bars: 10 μm. ***P < 0.001
by the two-tailed unpaired t-test.

Figure 7. Cellular uptake of 5′-N3-NR. HL60 cells were incubated
with 100 μM 5′-N3-NR for 0−4 h at 37 °C. After centrifugation,
supernatants and cell pellets washed with PBS were collected for
quantification of 5′-N3-NR by LC−MS.
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CD38, cells were treated with 6-N3-2′-F-araNAD+. Following
pretreatment with 2′-F-araNAD+, cells were incubated with 5′-
N3-NR for specific attachment to intracellular CD38. Cells

treated with 2′-F-araNAD+ only and cells subject to 2′-F-
araNAD+ and subsequent 6-N3-2′-F-araNAD+ treatment were
included as controls. CD38 labeled by analogues of NR or

Figure 8. Live-cell imaging of extracellular and intracellular CD38. HL60 cells treated with ATRA for 0, 2, and 4 days were incubated with 100 μM
6-N3-2′-F-araNAD+ or 5′-N3-NR to covalently label extracellular CD38 or global CD38, respectively, for 1 h. To block imaging of extracellular
CD38, cells were pretreated with 100 μM 2′-F-araNAD+ for 30 min and subsequently incubated without or with 100 μM 6-N3-2′-F-araNAD+ or 5′-
N3-NR for 1 h. Cells were then incubated with 10 μM Alexa488-DBCO for 2 h at RT, followed by washing with DPBS, fixation, permeabilization
for DAPI at RT, and confocal imaging. Scale bars: 5 μm. ns: not significant, P > 0.05 and ***P < 0.001 by the two-tailed unpaired t-test.
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NAD+ in live cells was then tagged with Alexa488-DBCO via
copper-free click chemistry. It is noted that none of the
analogues of NR and NAD+ show significant cytotoxicity for
HL60 cells at concentrations up to 250 μM (Figure S13).
Confocal imaging analysis indicated significantly enhanced
expression of extracellular and global CD38 as stained by 6-N3-
2′-F-araNAD+ and 5′-N3-NR, respectively, after 2- and 4 day
ATRA induction (Figure 8). Notably, extended ATRA
treatment of HL60 cells results in considerably increased
levels of intracellular CD38 as imaged by 5′-N3-NR coupled
with 2′-F-araNAD+ pretreatment (Figure 8). Due to the lack of
azido groups for fluorescent labeling or covalent labeling of
extracellular CD38 by the nonclickable NAD+ analogue, no
significant Alex488 signals were detected for cells treated by 2′-
F-araNAD+ alone or by 2′-F-araNAD+ followed with 6-N3-2′-
F-araNAD+. These findings reveal the time-dependent
upregulation of intracellular CD38 in HL60 cells after ATRA
treatment.
Labeling of cellular CD38 by 5′-N3-NR was also examined

through in-gel fluorescence. HL60 cells were first cultured for 4
days in the absence or presence of ATRA and then
preincubated without or with 2′-F-araNAD+ prior to additions
of 5′-N3-NR or 6-N3-2′-F-araNAD+. Groups without com-
pound treatment or with 2′-F-araNAD+ alone were included as
controls. After copper-free click reactions with Alexa488-
DBCO, cells were lysed for SDS-PAGE gel analysis. In-gel
fluorescence imaging clearly showed fluorescently labeled
CD38 by 5′-N3-NR or 6-N3-2′-F-araNAD+ (Figure 9), with
lower signal levels for 5′-N3-NR-treated cells relative to ones
by 6-N3-2′-F-araNAD+. No significant in-gel fluorescent signals
were observed for intracellular CD38 as labeled by 5′-N3-NR
after 2′-F-araNAD+ pretreatment. Together with the above
confocal images, these results demonstrate 5′-N3-NR as a
covalent probe for studying cellular CD38.

■ DISCUSSION
NR is a metabolic precursor of NMN and NAD+. Prior studies
indicated that nutritional supplementation of NR boosts
cellular NAD+ levels through NAD+ biosynthetic path-
ways.59−63 In this study, we discover that NR can function
as a covalent inhibitor of CD38. The resulting ribosyl−ester
bond within the CD38 active site exhibits adequate stability at
a neutral pH with a half-life over 28 h. Given the robust
NADase activity of membrane-bound CD38 and its major role
in the degradation of NAD+, it is likely that supplemented NR
not only promotes biosynthesis of NAD+ but also blocks
partial consumption of NAD+, a dual mechanism to enhance
cellular NAD+ levels. NR in cells and tissues could be
converted to NMN by NRKs or degraded by CD157.51,52 Our
work reveals a new physiological role of NR related to CD38
and suggests that in addition to augmenting NAD+ levels, high
concentrations of NR can possibly sustain the inhibition of
CD38 enzymatic activity, making an impact on calcium
signaling through reducing CD38-catalyzed synthesis of second
messengers such as cADPR and ADPR. Future studies using
appropriate cellular and animal models are needed to test this
notion as well as the effects of NR at physiological levels on
CD38-modulated signaling activities.
In contrast to NMN that can be rapidly hydrolyzed by

CD38, NR only misses 5′-phosphate but lacks efficient
conversion into catalytic products. This suggests an important
role for the 5′-phosphate in promoting CD38 catalysis. Unlike
NAD+ and NMN analogues requiring 2′-F substitutions for the
formation of a stable ester bond with the E226 residue,28,29,53

native NR is shown to be able to react with the E226 side
chain, producing a covalent adduct with great stability. It is
likely that during and after the reaction with NR, CD38 adopts
a conformation different from those with NMN and NAD+,
which can protect the generated ribosyl−ester bond from rapid
hydrolysis.
As a clickable analogue of NR, 5′-N3-NR can also covalently

inhibit CD38, enabling the labeling of CD38 with fluorescent

Figure 9. Live-cell labeling of cellular CD38. HL60 cells without or with 4 day treatment by ATRA were incubated with 100 μM 6-N3-2′-F-
araNAD+ or 5′-N3-NR to covalently label extracellular CD38 or global CD38, respectively, for 1 h. To block the labeling of extracellular CD38, cells
were pretreated with 100 μM 2′-F-araNAD+ for 30 min and then incubated without or with 100 μM 6-N3-2′-F-araNAD+ or 5′-N3-NR for 1 h. Cells
without treatment by 2′-F-araNAD+, 6-N3-2′-F-araNAD+, or 5′-N3-NR were included as controls. Following 2 h incubation with 10 μM Alexa488-
DBCO, cells were washed with DPBS and lysed. Cell lysates were analyzed by in-gel fluorescence, Coomassie blue staining, and immunoblot using
an anti-human CD38 antibody.
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dyes via click chemistry. Like NR, 5′-N3-NR is cell permeable
but lacks a 5′-OH group for participating in the NAD+ salvage
pathway catalyzed by NRKs and NMNATs. 5′-N3-NR
therefore facilitates the labeling and imaging of intracellular
CD38 in live cells. As shown in confocal microscopic studies
(Figure 8), expression levels and patterns of intracellular CD38
could undergo dynamic changes. 5′-N3-NR allows the tracking
of intracellular CD38 in a spatiotemporal manner, expanding
our biology knowledge of intracellular CD38. In comparison
with a 2′-F-araNMN-based, cell-permeable fluorescent probe
for CD38,29 5′-N3-NR is likely to possess improved membrane
permeability, considering its smaller size and decreased
negative charge. This may increase its efficiency for labeling
intracellular CD38. Additionally, the clickable azido group of
5′-N3-NR makes it versatile for attaching different types of tags
of interest.
Unlike 6-N3-2′-F-araNAD+ that can only label extracellular

CD38 due to low membrane permeability, 5′-N3-NR is capable
of covalently targeting both extracellular and intracellular
CD38. This suggests that CD38 labeled by 5′-N3-NR would
give rise to comparable or higher levels of fluorescence signals
than those of CD38 by 6-N3-2′-F-araNAD+. In-gel fluores-
cence analysis indicated slightly weaker signals for 5′-N3-NR-
treated cells relative to those of cells incubated with 6-N3-2′-F-
araNAD+. While confocal imaging analysis revealed significant
signals for intracellular CD38 through 5′-N3-NR combined
with 2′-F-araNAD+ preincubation, in-gel fluorescence studies
showed little CD38 signal for cells with this compound
combination. Such lower-than-expected in-gel fluorescence for
5′-N3-NR-labeled cells could result from reduced accessibility
to Alexa488-DBCO and increased sensitivity to proteolytic
cleavage after cell lysis.
In summary, this work unveils NR as a covalent inhibitor

against CD38, shedding light on its new physiological role in
modulating the CD38-mediated NAD+ metabolism and
signaling pathways. The designed 5-N3-NR permits the
labeling of cellular CD38 in live cells, providing a chemical
tool to study CD38 in physiological and pathophysiological
processes.

■ MATERIALS AND METHODS

Cell Line
The human leukemia cell line HL60 was purchased from the
American Type Culture Collection (VA, USA).
Chemical Synthesis
The details for synthesizing 5′-N3-NR, 2′-F-araNAD+, and 6-N3-2′-F-
araNAD+ are included in the Supporting Information.29,54,64,65

Mammalian Cell Expression and Purification of
Recombinant CD38 Extracellular Domain
The DNA plasmid encoding the extracellular domain of human CD38
(R45-I300) was constructed in a previous study.1 Recombinant CD38
was expressed with the Expi293 expression system (Thermo Fisher
Scientific, MA) through transient transfection. Culture media from
Expi293F cells, containing the secreted recombinant human CD38,
were collected 5 days after transfection. The expressed human CD38
was purified by Ni-NTA chromatography (Thermo Fisher Scientific,
MA), followed by washing with wash buffer (20 mM Tris−HCl, pH
8.0, 200 mM NaCl, 30 mM imidazole). The protein was collected
with an elution buffer (20 mM Tris−HCl, pH 8.0, 200 mM NaCl, 400
mM imidazole) and further dialyzed in a storage buffer (20 mM Tris−
HCl, pH 8.0, 300 mM NaCl). Purified CD38 was concentrated using
Amicon centrifugal concentrators (EMD Millipore, Temecula, CA)
with a 10 kDa molecular weight cutoff. For crystallization, protein was

treated with TEV protease (Thermo Fisher Scientific, MA) to remove
the N-terminal poly histidine tag and then purified by following the
previous study.1

Enzymatic Activities of Recombinant CD38 Protein with
NMN and NR
NMN or NR (2 μM, Sigma-Aldrich, MO) was incubated with 20 nM
of recombinant CD38 in PBS buffer (pH 7.4) for 2 h at RT or
overnight on ice. NGD+ (100 μM, Sigma-Aldrich, MO) was then
added into assay wells, followed by measuring cGDPR levels via
fluorescence at 410 nm (excitation at 300 nm) for 10 min at RT by a
Synergy H1 plate reader (BioTek, VT).
Inhibition Activities of Nicotinamide and
Ribose-5′-Phosphate
Recombinant CD38 (20 nM) in PBS buffer (pH 7.4) without and
with overnight incubation on ice in the absence and presence of 2 μM
nicotinamide (Sigma-Aldrich, MO), ribose-5′-phosphate (Sigma-
Aldrich, MO), or a combination of nicotinamide and ribose-5′-
phosphate (molar ratio: 1:1) was measured for enzymatic activities by
adding NGD+ (100 μM) and monitoring subsequently formed
cGDPR via fluorescence at 410 nm (excitation at 300 nm) for 10 min
at RT using a Synergy H1 plate reader.
HPLC Analysis of Human CD38-Catalyzed Reactions with
NAD+, NMN, NR, or 5′-N3-NR
NAD+ (170 μM, Sigma-Aldrich, MO), NMN (170 μM), NR (170
μM), or 5′-N3-NR (170 μM) was incubated with or without 170 nM
recombinant CD38 in PBS buffer (pH 7.4) for 2 h at RT or overnight
on ice for NAD+ and NMN or for 2 h at RT, overnight, 2 days, or 4
days on ice for NR and 5′-N3-NR. The reaction mixtures underwent
analysis by reverse-phase HPLC using a semipreparative C18 Kinetex
column (5 μm, 100 Å, 150 × 4.6 mm, from Phenomenex Inc.,
Torrance, CA) [mobile phase A: 0.1% formic acid (FA) in water;
mobile phase B: 0.1% FA in acetonitrile; flow rate = 1.0 mL min−1;
0−10 min: 0−5% B, 10−12 min: 5−0% B] with UV absorbance
detection at 260 nm.
Inhibition Activities of NR, 5′-N3-NR, 2′-F-araNAD+, and
6-N3-2′-F-araNAD+ for CD38
NR, 5′-N3-NR, 2′-F-araNAD+, or 6-N3-2′-F-araNAD+ at various
concentrations was incubated with 20−100 nM recombinant CD38
and 100 μM NGD+ in PBS buffer (pH 7.4). Reactions were
monitored at RT via fluorescence at 410 nm (excitation at 300 nm)
for 800−1000 s by a Synergy H1 plate reader. The initial reaction
velocities (vinitial) in the presence of different concentrations of
compounds were used to determine the inactivation constant (kinact)
as follows: [P] = vinitial (1 − exp(−kobst))/kobs and kobs = kinact [I]/([I]
+ Ki). [P] is the level of product generated at different time points;
vinitial is the initial reaction rate; kobs is the rate constant; kinact is the
inactivation rate constant for the covalent inhibitor; [I] is the
concentration of covalent inhibitor; and Ki is the concentration of
covalent inhibitor approaching an inactivation rate equal to half of
kinact. The equation was entered into GraphPad Prism (GraphPad
Software, CA) to calculate kinact. Reaction velocities at various
compound concentrations were used to determine the IC50 via
GraphPad Prism.
Effects of NAD+, NMN, and Nicotinamide on the Inhibition
of CD38 by NR
Recombinant CD38 (20 nM) in PBS buffer (pH 7.4) in the absence
and presence of 100 μM NR mixed without and with 100 μM NAD+,
NMN, or nicotinamide was measured for enzymatic activities through
additions of 100 μM NGD+. Reactions were monitored at RT via
fluorescence at 410 nm (excitation at 300 nm) using a Synergy H1
plate reader.
Stability of the CD38-NR Covalent Complex
NR (500 μM) was incubated with 5 μM CD38 in PBS buffer (pH
7.4) overnight on ice. The CD38-NR covalent complex was purified
and concentrated using 10 kDa molecular weight cutoff Amicon
centrifugal concentrators (EMD Millipore, Temecula, CA). The
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concentration of the protein complex was determined using a
NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific,
Waltham, MA). Recombinant CD38 or CD38-NR complex (50 nM)
was then incubated in PBS buffer (pH 7.4) at RT for 0, 1, 2, 4, 6, 10,
14, and 24 h. After incubation, 100 μM NGD+ was added into each
sample, followed by measuring the fluorescence intensity at 410 nm
(excitation at 300 nm) for 10 min at RT by a Synergy H1 plate reader.
The initial velocities of the NGD+ reactions for samples from different
incubation time points were measured to calculate the remaining
percentages of the CD38-NR complex as follows: CD38-NR (%) =
100% × (1 − (velocity of cGDPR formation from CD38-NR)/
(velocity of cGDPR formation from recombinant CD38)).

To determine the stability of the CD38-NR complex in the
presence of nicotinamide, recombinant CD38 or CD38-NR complex
(60 nM) was incubated in PBS in the absence or presence of
nicotinamide at a molar ratio of 1:100 or 1:200 at RT for 0, 2, 6, and
12 h, followed by measurements of CD38 catalytic activity via NGD+-
based fluorescence assays as described above.

Mass Spectrometry of the CD38-NR Covalent Complex
All protein samples were diluted to 0.2 mg mL−1 in 50 mM
ammonium bicarbonate (pH 8.0). Glycans were removed using 1:100
(w/w) PNGaseF (New England Biolabs, MA) at 37 °C overnight.
The intermolecular disulfide bonds were cleaved using 0.1 M
dithiothreitol for 5 min at RT. Samples (4 μL) were injected into
an LC−MS instrument using the method below.

Intact protein samples were analyzed by LC−MS [ACQUITY
ultraperformance liquid chromatography (UPLC) H-class system,
Xevo G2-XS QTOF, Waters Corporation]. Proteins were separated
away from reaction buffer salts using a phenyl guard column
(ACQUITY UPLC BEH Phenyl VanGuard precolumn, 130 Å, 1.7
μm, 2.1 mm × 5 mm, Waters Corporation). The 5 min method used a
flow rate of 0.2 mL min−1 with a gradient of buffer A consisting of
0.1% FA in water (water LC−MS #9831-02, JT Baker; FA LC−MS
#85178, Thermo Fisher Scientific) and buffer B, acetonitrile
(acetonitrile UHPLC/MS #A956, Thermo Fisher Scientific). The
gradient running program (flow rate set at 0.2 mL min−1 and curve set
as 6) is as follows: maintaining 100% buffer A from 0 to 30 s,
adjusting to 10% buffer A and 90% buffer B from 30 to 120 s as a
gradient, maintaining 10% buffer A and 90% buffer B from 120 to 150
s, reaching to 100% buffer A from 150 to 240 s as a gradient, and
maintaining 100% buffer A from 240 to 300 s.

The Xevo Z-spray source was operated in positive MS resolution
mode with a capillary voltage of 3000 V and a cone voltage of 40 V
(NaCsI calibration, Leu-enkephalin lock-mass). Nitrogen was used as
the desolvation gas with a total flow of 800 L h−1. Total average mass
spectra were reconstructed from the charge state ion series using the
MaxEnt1 algorithm from Waters MassLynx software V4.1 SCN949
according to the manufacturer’s instructions. To obtain the ion series
described, the major peaks of the chromatogram were selected for
integration before further analysis.

Mass Spectrometry of the Conjugation Site of the
CD38-NR Complex
Recombinant CD38 and CD38-NR complexes were subjected to
overnight solution digestion with trypsin gold (Promega) at 37 °C
and pH 8.5. All LC−MS/MS experiments were performed using the
same Waters Xevo QTOF setup and buffer system as the intact
protein analysis described above. Separation of peptides was
performed by reversed-phase chromatography using a reversed-
phase C4 column (ACQUITY UPLC Protein BEH C4 Column,
300 Å, 1.7 μm, 2.1 mm × 50 mm, Waters Corporation). The gradient
running program (flow rate set at 0.3 mL min−1 and curve set as 6) is
as follows: maintaining 97% buffer A and 3% buffer B from 0 to 30 s,
reaching to 40% buffer A and 60% buffer B from 30 to 120 s as a
gradient, maintaining 40% buffer A and 60% buffer B from 120 to 150
s, reaching to 10% buffer A and 90% buffer B from 150 to 180 s as a
gradient, maintaining 10% buffer A and 90% buffer B from 180 to 210
s, reaching to 97% buffer A and 3% buffer B from 210 to 240 s as a

gradient, and maintaining 97% buffer A and 3% buffer B from 240 to
300 s.

Peptide data were acquired after a 0.5 min waste diversion to
remove buffer salts. The Xevo Z-spray source was operated with a
capillary voltage of 3000 V and a cone voltage of 40 V (NaCsI
calibration, Leu-enkephalin lock-mass). Nitrogen was used as the
desolvation gas with a total flow of 800 L h−1. Data were acquired
across the 100 to 2000 Da range in MSe continuum mode with
alternating 0.5 s scans at alternating collision energy, low energy, 0 V,
and a high collision energy ramp (15 to 45 V). The high energy data
correspond to the MS2 secondary fragmentation of the low energy
scans of similar time.

The peptide digest MSe data were processed for exact mass peptide
matching and b&y ion fragmentation mapping using BiopharmaLynx
software (Version 1.3.5 Waters Corporation). The software generates
in-silico peptide digestion data including all potential modifications
and maps the deconvolved MSe data at 30 ppm (parts per million)
error to the theoretically calculated masses.

X-ray Crystallography of the CD38-NR Complex

Recombinant CD38 was eluted from a Superdex 75 Increase 10/300
GL column (GE Healthcare Life Sciences, Pittsburgh, PA) in 15 mM
HEPES (pH 7.5) and 50 mM NaCl and concentrated to 2.2 mg mL−1

at 4 °C. Crystallization was performed at 22 °C using the vapor
diffusion method in a hanging-drop setup in 24-well VDX plates
(Hampton Research) with a 1:1 ratio of 1 μL of reservoir solution and
1 μL of protein solution against 500 μL of reservoir solution. Initial
crystals grew under similar conditions as in the previously published
work.1

The optimized conditions for the crystal growth were 100 mM
HEPES (pH 7.0) and 14−16% PEG 3350. The native crystals with an
average size of 50 × 100 μm were soaked for an hour in a cryo-
solution containing 10 mM NR (100 mM HEPES at pH 7.0, 25%
PEG 3350, 8% glycerol, and 10 mM NR). The crystals were carefully
flash-frozen in liquid nitrogen before they were mounted for data
collection at the synchrotron.

Crystallographic data were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) using beamline 12-1 equipped with an
Eiger X 16 M detector (Dectris). The X-ray beam was attenuated by
85%, and diffraction images were collected by using 0.1 s exposure
and 0.1° oscillation for a total of 270° of rotation. The collected data
were indexed and integrated with X-ray Detector Software and scaled
using Scala, a part of the CCP4 suite.66−68 Initial phase information
was obtained by molecular replacement using PHASER with the
previously solved structure of the human CD38−4′-thioribose NAD+

complex (PDB ID: 6EDR) as the search model.69 Waters were added
using ARP/wARP during the initial round of the refinement.70 The
structure was improved by iterative rounds of model building and
refinement using the programs Coot and Refmac5.71,72 The final
rounds of refinement were performed using Phenix.refine part of the
phenix software package (v. 1.20.1_4487).73

The crystals belong to the monoclinic space group P21 with two
molecules per asymmetric unit and the Mathew’s coefficient of 2.38.
Crystallographic details and statistics are listed in Table S2.

Immunoblot Analysis of Labeling of CD38 by 5′-N3-NR

Recombinant CD38 (6 μM) was incubated in the absence and
presence of 5′-N3-NR or NR (600 μM) for 2 h at RT. The mixtures
were then incubated with alkyne-biotin for copper(I)-catalyzed azide
alkyne cycloaddition (CuAAC) for 2 h at RT in a volume of 15 μL,
consisting of 10 μL protein mixtures, 0.5 mM THPTA, 0.25 mM
CuSO4, 100 μM alkyne-biotin, and 2.5 mM sodium ascorbate in PBS.
Subsequently, reactions were analyzed by immunoblots using a
streptavidin-HRP conjugate (R&D Systems, Minneapolis, MN; 1:200
dilution) and an anti-His6 primary antibody (Thermo Fisher
Scientific, Waltham, MA; 1:2000 dilution) and goat anti-mouse
secondary IgG antibody-HRP conjugate (Thermo Fisher Scientific,
Waltham, MA; 1:3000 dilution).
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Flow Cytometry of CD38 Expression
HL60 cells were cultured in RPMI 1640 medium (Corning, NY) with
10% FBS (Thermo Fisher Scientific, MA) in an incubator with 5%
CO2 at 37 °C. Cells were treated with 0.1, 1, and 10 μM ATRA
(Sigma-Aldrich, MO) for 2 days to induce CD38 expression. After
ATRA treatment, cells were centrifuged at 200g for 5 min. Cell pellets
were washed and resuspended in 5 mL of DPBS, followed by
centrifugation at 200g for 5 min. Cells were resuspended in 500 μL of
ice-cold DPBS with 200 nM anti-CD38 IgG conjugated with FITC
(BioLegend, San Diego, CA) and incubated at 4 °C for 30 min,
followed by DPBS washing and resuspension in 500 μL of ice-cold
DPBS for flow cytometric analysis using a BD Fortessa X20 Cell
Analyzer (BD Bioscience, CA) for FITC intensities. Cells without
ATRA treatment and cells treated with EtOH for 2 days were
included as controls.

Enzymatic Activity of Cell-Surface CD38
HL60 cells were first treated with 1 μM ATRA for 2 days to induce
CD38 expression and then centrifuged at 200g for 5 min to remove
media. 1 million cells were incubated in 200 μL of cell media with 100
μM NGD+ for 1 h in an incubator with 5% CO2 at 37 °C, followed by
centrifugation at 200g for 5 min. Collected supernatants (100 μL)
were measured for cGDPR formation via fluorescence at 410 nm
(excitation at 300 nm) by a Synergy H1 plate reader. Cells without
ATRA treatment and cells treated with EtOH for 2 days were
included as controls.

Inhibition Activity of NR and 5′-N3-NR for Cell-Surface
CD38
HL60 cells were first treated with 1 μM ATRA for 2 days to induce
CD38 expression and then centrifuged at 200g for 5 min to remove
media. For assays without removals of NR or 5′-N3-NR, 1 million
cells were incubated in 100 μL of cell media with 50 or 100 μM NR
or 5′-N3-NR for 1 h in an incubator with 5% CO2 at 37 °C, followed
by additions of 100 μM NGD+ for additional 1 h incubation in the
same incubator. For assays with NR or 5′-N3-NR removed before
additions of NGD+, 1 million cells were incubated in 100 μL of cell
media with 50 μM NR or 5′-N3-NR for 1 h in an incubator with 5%
CO2 at 37 °C, followed by centrifugation at 200g for 5 min. Cell
pellets were washed with DPBS three times and incubated with 100
μM NGD+ in cell media for 1 h in the same incubator. After
incubation with NGD+, above cells were centrifuged at 200g for 5 min
and supernatants (100 μL) were measured for cGDPR formation via
fluorescence at 410 nm (excitation at 300 nm) by a Synergy H1 plate
reader. Cells without ATRA treatment and cells treated with EtOH
for 2 days were included as controls.

To evaluate the time course inhibition of cell-surface CD38 by NR
and 5′-N3-NR, 1 million HL60 cells treated with 1 μM ATRA for 2
days were incubated in 200 μL of cell media with 100 μM NGD+ in
the absence and presence 100 μM NR or 5′-N3-NR for 10, 20, 40, and
60 min in an incubator with 5% CO2 at 37 °C. At each incubation
time point, cells were centrifuged at 200g for 5 min and supernatants
(100 μL) were measured for cGDPR formation via fluorescence at
410 nm (excitation at 300 nm) by a Synergy H1 plate reader.

Confocal Microscopy of Cellular CD38 by 5′-N3-NR
HL60 cells were treated without or with ethanol or 1 μM ATRA for 2
days, followed by 1 h incubation in the absence and presence of 100
μM 5′-N3-NR at 37 °C. Additionally, ATRA-treated HL60 cells were
incubated with 100 μM 5′-N3-NR without and with 500 μM NR for 1
h at 37 °C. Cells were subsequently centrifuged at 200g for 5 min and
resuspended in fresh media for labeling without or with 10 μM
Alexa488-DBCO (Click Chemistry Tools, Scottsdale, AZ) for 2 h at
RT. After washing three times with PBS, cells were fixed with 4%
paraformaldehyde solution in DPBS (Santa Cruz Biotechnology,
Dallas, TX) for 20 min at RT and washed three times with PBS.
Subsequently, cells were permeabilized with 0.5% Triton X-100
(Sigma-Aldrich, MO) for 20 min at RT, washed three times with PBS,
stained with DAPI (1 μg mL−1 in PBS, Sigma-Aldrich, MO) and an
anti-human CD38-APC conjugate (BioLegend, San Diego, CA) at

RT, and washed three times with PBS. Confocal microscopic analysis
was performed using a Zeiss LSM 880 confocal laser scanning
microscope (Carl Zeiss Microscopy, White Plains, NY) equipped with
a 63×, 1.4 oil immersion objective lens. DAPI, Alexa488, and APC
were excited at 405, 488, and 633 nm, respectively. Images were
processed using Zeiss Zen Black software (Carl Zeiss Microscopy,
White Plains, NY).

Cell Uptake of 5′-N3-NR

One million HL60 cells were incubated with 100 μM 5′-N3-NR for 0,
10 min, 30 min, 2 h, and 4 h in RPMI 1640 media with 10% FBS,
followed by centrifugation at 200g for 5 min to collect cell pellets and
supernatants for the quantification of 5′-N3-NR by liquid chromatog-
raphy−mass spectrometry (LC−MS). Methanol (100%) with internal
standard methotrexate (MTX) in a volume of 400 μL was used for
cell extraction at each time point. Media samples (100 μL) at each
time point were extracted by 300 μL methanol (100%) with internal
standard MTX. Standard curves of 5′-N3-NR in media and cell extract
were prepared by spiking 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 ng
mL−1 5′-N3-NR into blank RPMI 1640 media with 10% FBS or cell
extract from 1 million HL60 cells, with internal standard MTX.
Protein concentrations for cell extract samples were determined by
Bradford assays.

The extracted analytes were centrifuged to remove protein
precipitations and subjected to LC−MS. An Ultracore SuperC18
column (ACE, 5 μm, 50 mm × 3 mm, 100 Å) was used for separation.
The concentrations of analytes after separation were quantified by a
triple-quadrupole tandem mass spectrometer operating in positive
mode with electrospray ionization (ESI) mode. 5′-N3-NR and MTX
were detected using multiple-reaction-monitoring (MRM). The
running time for each assay was 6 min. Parameters for LC are as
follows: mobile phase A, H2O with 0.1% FA; mobile phase B,
methanol with 0.1% FA; flow rate, 0.2 mL min−1; 50% buffer A and
50% buffer B from 0 to 6 min.

Cytotoxicity of NR and Analogues of NR and NAD+

HL60 cells and ATRA-treated HL60 cells were incubated with 100 or
250 μM NR, 5′-N3-NR, 2′-F-araNAD+, and 6-N3-2′-F-araNAD+ for
24 h at 37 °C. Untreated cells were included as controls. Cells were
then centrifuged at 200g for 5 min and washed and resuspended in 5
mL of DPBS. Following centrifugation at 200g for 5 min, cells were
resuspended in 100 μL of DPBS with Zombie Aqua fluorescent dye
(BioLegend, San Diego, CA), and incubated at RT for 30 min. After
washing and resuspending in DPBS, cells were analyzed using a BD
Fortessa X20 Cell Analyzer for Brilliant Violet 510 intensities.

Confocal Microscopy of Extracellular and Intracellular
CD38

HL60 cells were treated with 1 μM ATRA for 0, 2, and 4 days to
induce CD38 expression, followed by incubation with 100 μM 6-N3-
2′-F-araNAD+ or 5′-N3-NR for 1 h at 37 °C and washing with DPBS.
To block the imaging of extracellular CD38, HL60 cells were
preincubated with 100 μM 2′-F-araNAD+ for 30 min at 37 °C,
followed by 1 h incubation without or with 100 μM 6-N3-2′-F-
araNAD+ or 5′-N3-NR at 37 °C and subsequent washing with DPBS.
Cells were then labeled with 10 μM Alexa488-DBCO through click
reactions for 2 h at RT and washed three times with DPBS. After
fixation with 4% paraformaldehyde solution in PBS for 20 min at RT,
cells were washed three times with PBS, permeabilized with 0.5%
Triton X-100 for 20 min at RT, washed with DPBS for three times,
stained with DAPI (1 μg mL−1 in PBS) at RT, and washed three times
with DPBS. An LMS880 confocal laser scanning microscope was used
for confocal microscopic analysis. Twenty cells in each group were
selected to quantify the fluorescence mean via the FIJI plugin.
Fluorescence mean for the group of 0 h treatment with ATRA was set
as the baseline and fluorescence mean for the groups of 2 and 4 day
treatment with ATRA was divided by the baseline to calculate
fluorescence mean fold via GraphPad Prism.
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Live-Cell Labeling of Cellular CD38
HL60 cells were treated without or with 1 μM ATRA for 4 days to
induce CD38 expression, followed by incubation with 100 μM 6-N3-
2′-F-araNAD+ or 5′-N3-NR for 1 h at 37 °C and washing with DPBS.
To block the labeling of extracellular CD38, HL60 cells were
preincubated with 100 μM 2′-F-araNAD+ for 30 min at 37 °C,
followed by 1 h incubation without or with 100 μM 6-N3-2′-F-
araNAD+ or 5′-N3-NR at 37 °C and subsequent washing with DPBS.
Cells without treatment by 2′-F-araNAD+, 6-N3-2′-F-araNAD+, or 5′-
N3-NR were included as controls. Cells were then labeled with 10 μM
Alexa488-DBCO through click reactions for 2 h at RT and washed
three times with DPBS. Cell pellets were resuspended in 200 μL of
lysis buffer [25 mM Tris−HCl pH 7.5, 50 mM NaCl, 10% glycerol,
1% Nonidet P-40 (VWR, Radnor, PA), and Halt Protease Inhibitor
Cocktail (Sigma-Aldrich, MO)] for 20 min on ice. Protein
concentrations of cell lysates were determined with Bradford reagents
(Thermo Fisher Scientific, MA). Cell lysates were loaded onto
ExpressPlus-PAGE gels (GenScript, Piscataway, NJ) for analysis
through in-gel fluorescence and Coomassie blue staining using an
iBright Imaging System (Thermo Fisher Scientific, MA) as well as
immunoblots using an anti-human CD38 primary antibody
(BioLegend, San Diego, CA; 1:2000 dilution) and a secondary goat
anti-mouse IgG antibody-HRP conjugate (Thermo Fisher Scientific,
Waltham, MA; 1:3000 dilution).
Statistical Analysis
Two-tailed unpaired t tests were used for comparison between the
two groups. Significance of finding was defined as follows: ns = not
significant; P > 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001. Data
are shown as mean ± SD (n = 2, 3 or 20). All statistical analyses were
calculated with GraphPad Prism.
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