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ABSTRACT: CD38 is a signaling enzyme responsible for catalyzing
the synthesis of cyclic ADP ribose (cADPR) and nicotinic acid adenine
dinucleotide phosphate; both are universal Ca2+ messenger molecules.
Ablation of the CD38 gene in mice causes multiple physiological
defects, including impaired oxytocin release, that result in altered social
behavior. A series of catalysis-based inhibitors of CD38 were designed
and synthesized, starting with arabinosyl-2′-fluoro-2′-deoxynicotina-
mide mononucleotide. Structure−function relationships were analyzed
to assess the structural determinants important for inhibiting the
NADase activity of CD38. X-ray crystallography was used to reveal the
covalent intermediates that were formed with the catalytic residue,
Glu226. Metabolically stable analogues that were resistant to
inactivation by phosphatase and esterase were synthesized and
shown to be effective in inhibiting intracellular cADPR production
in human HL-60 cells during induction of differentiation by retinoic acid. The inhibition was species-independent, and the
analogues were similarly effective in blocking the cyclization reaction of CD38 in rat ventricular tissue extracts, as well as
inhibiting the α-agonist-induced constriction in rat mesentery arteries. These compounds thus represent the first generally
applicable and catalysis-based inhibitors of the Ca2+ signaling function of CD38.

CD38 was first identified in lymphocytes by antibody
typing1,2 but has since been established to be an enzyme

ubiquitously expressed in virtually all mammalian tissues
(reviewed in refs 3 and 4). It has now been established that
it is a signaling enzyme responsible for catalyzing the synthesis
of two Ca2+ messengers, cyclic ADP ribose (cADPR) from
NAD5−7 and nicotinic acid adenine dinucleotide phosphate
(NAADP) from NADP.8,9 Both messenger molecules have
been shown to regulate a wide range of physiological functions
as diverse as abscisic acid signaling in plants10 and sponges11

and insulin secretion in mammalian β-cells12−14 (reviewed in
refs 15 and 16). The catalytic mechanism of how CD38 can
catalyze the multiple reactions that lead to the synthesis of the
two structurally and functional distinct messenger molecules
has been well-characterized by crystallography and site-directed
mutagenesis.17−20 Recently, the multiple steps involved in
cyclizing an NAD analogue to produce the cyclic product have
been visualized by crystallography.21,22

Gene knockout studies have established that CD38 plays a
critical role in a wide range of physiological functions from
insulin secretion23 and susceptibility to bacterial infection24 to
social behavior of mice through modulating neuronal oxytocin
secretion.25 It is thus of great interest to develop specific and
generally applicable inhibitors of CD38. Among various
inhibitors of CD38 that have been described, arabinosyl-2′-
fluoro-2′-deoxynicotinamide mononucleotide (ara-2′F-NMN) is
one of the more potent, with a half-maximal inhibitory

concentration in the nanomolar range. Its inhibition is
catalysis-dependent and forms a covalent intermediate with
the catalytic residue of CD38.26−28 However, the phosphate
group of ara-2′F-NMN, critical for the inhibitory effect, is
susceptible to hydrolysis by phosphatases that are prevalent in
cells. In this study, ara-2′F-NMN is used as the starting
compound to develop a series of metabolically stable inhibitors
that can be used to block endogenous CD38 activity in cells
and tissues.

■ MATERIALS AND METHODS
Recombinant CD38 Production. A yeast expression

system, including the pPICZαA expression vector and Pichia
pastoris yeast (Invitrogen), was used to prepare the
recombinant CD38 as reported previously.17,20

Enzymatic Assays. The inhibition of the NAD glycohy-
drolase (NADase) reaction of CD38 by the CZ compounds
was time-dependent, and the effect leveled off in ∼2 h (inset of
Figure 1). As described in Results and Discussion, the
inhibition was due to a covalent modification of CD38. The
time dependency was thus a combination of the binding of the
inhibitor to CD38 and it reacting covalently with it. It is,
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therefore, not appropriate to compare the effectiveness of
various inhibitors using the conventional IC50 values. Instead,
we compared the concentration of each inhibitor needed to
produce half-maximal inhibition of the CD38 activity after
incubation for 2 h.
The recombinant CD38 (0.3 ng) was mixed with different

concentrations of the compounds in the presence of bovine
serum albumin (1 μg) in a 16 μL reaction mixture and
incubated in the dark for 2 h at room temperature. For
measuring the inhibition of the NADase activity of CD38 by
the CZ compounds, NAD was added to the mixture to a final
concentration of 2 μM to start the reaction. Aliquots (4 μL) of
the reaction mixture were taken at 0, 4, 8, or 12 min via
addition of 4 μL of 0.6 M HCl, followed by neutralization with
8 μL of 0.5 M phosphate buffer (pH 8). The subsequent
cycling reaction was conducted in 96-well plates with 16 μL of
the sample mixed with 100 μL of the reagent containing 2%
ethanol, 100 μg/mL alcohol dehydrogenase, 20 μM resazurin,
11 μg/mL diaphorase, 10 μM flavin mononucleotide, and 100
mM sodium phosphate (pH 7). The dilution greatly reduced
the inhibitor concentration in the cycling assay. Using NAD
standards, we verified that the inhibitors have little or no effect
on the cycling assay under this condition. The cycling reaction
was allowed to proceed for 10 min, and the rate of increase in

resorufin fluorescence (with excitation at 544 nm and emission
at 590 nm) was measured using the Infinite M200 fluorescence
plate reader (TECAN). The relative NAD content was
measured from the slopes of the fluorescent increase, and the
NAD glycohydrolase activity was calculated from the decrease
in the NAD content 0, 4, 8, and 12 min after the start of the
reaction.
The cyclization reaction of CD38 was measured using

nicotinamide guanine dinucleotide (NGD) as a substrate,
which is cyclized to a fluorescent cyclic GDP ribose product
described previously.29 Rat left ventricles were homogenized in
ice-cold 20 mM HEPES buffer with 1 mM EDTA and 0.1 mM
phenylmethanesulfonyl fluoride. The homogenates were then
centrifuged at 6000g for 5 min. Supernatant samples (500 μg
protein each) were preincubated with different concentrations
of the inhibitors for 1 h and added to a 0.12 mL reaction
mixture, containing 50 mM Tris buffer (pH. 7.5) and 100 μM
NGD. The production of the fluorescent product, cGDPR, was
measured fluorimetically (excitation wavelength of 300 nm and
emission wavelength of 410 nm) using the Infinite M200
fluorescence plate reader (TECAN). Rates of cGDPR
production were determined from the slopes of the
fluorescence increase.

Chemical Synthesis. Details of the chemical synthesis will
be reported in a separate study.49 Briefly, CZ-16 was obtained
by coupling 3,5-di-O-benzoyl-2-deoxy-2-fluoro-α-D-arabinofur-
anose bromide30 with nicotinamide at room temperature
followed by deprotection. Phosphorylation of CZ-16 was
performed by using a POCl3/PO(OCH3)3 mixture31 to
produce CZ-17 (ara-F-NMN) or a PSCl3/PO(OCH3)3 mixture
to produce CZ-48. Esterification of CZ-17 was performed by
treating it with an appropriate alcohol in a one-pot reaction to
yield CZ-27, CZ-28, CZ-45, CZ-46, CZ-51, CZ-53, CZ-55, and
CZ-57. CZ-30 and CZ-32 were obtained by a procedure similar
to that used to prepare CZ-17, using 3,5-di-O-benzoyl-2-deoxy-
2-chloro-α-D-arabinofuranose bromide and 3,5-di-O-benzoyl-2-
deoxy-2-azido-α-D-arabinofuranose bromide, respectively. CZ-
24 and CZ-50 were synthesized by coupling of 1,2-di-O-acetyl-
5-O-benzoyl-3-deoxy-3-fluoro-D-xylofuranose32 and 1-O-acetyl-
3,5-di-O-benzoyl-2-deoxy-2-fluoro-D-ribose,33 respectively, with
nicotinamide in the presence of TMSOTf, followed by
deprotection and phosphorylation. CZ-50 was an anomeric
mixture that was separated to give CZ-50a (α-isomer) and CZ-
50b (β-isomer). All products were purified by high-perform-
ance liquid chromatography and the chemical structures
verified by nuclear magnetic resonance and HRMS.

Measurement of Intracellular cADPR Contents. HL-60
cells (4 × 105 cells/sample) were induced to differentiate with
retinoic acid (1 μM) and treated with 0, 5, 10, and 20 μM CZ
inhibitors for 3 days at 37 °C. Cells were then washed twice
with phosphate-buffered saline, and cADPR was extracted from
the cells with cold 0.6 M perchloric acid (PCA). The acid was
removed by extraction with a 3:1 solution of chloroform and
tri-n-octylamine. The neutral extracts were supplemented with
Tris base to give a final pH of 8. The extracts were then treated
with 0.44 unit/mL nucleotide pyrophosphatase and 2 mM
MgCl2 for 15−18 h at 37 °C to remove interfering nucleotides
such as NAD, without degrading cADPR. After 15−18 h, the
enzymes were removed by filtration through Immobilon-P
filters (Millipore). The cADPR contents in the samples were
then measured using the cycling assay as described previously.34

Vascular Preparations. Male Sprague-Dawley rats weigh-
ing 250−300 g were supplied from the Laboratory Animal Unit

Figure 1. Importance of the phosphate group of ara-2′F-NMN for its
inhibition of the NADase activity of CD38. Recombinant human
CD38 was incubated with various concentrations of the analogues of
ara-2′F-NMN (CZ-17) for 2 h, and its NADase activity was then
measured as described in the text. The inset shows the time course of
inhibition of CD38 by CZ-17. CD38 was incubated with CZ-17 for the
times indicated. Reactions were started via the addition of 2 μM NAD
to the CD38/inhibitor mixture and stopped with 300 mM HCl. The
remaining NADase activity was determined. Data are expressed as the
percent of control without CZ-17.
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of the University of Hong Kong. Rats were anesthetized with
pentobarbitone sodium (50 mg/kg, by intraperitoneal
injection) and then sacrificed by cervical dislocation. All
experiments performed in this study were approved by the
Committee on the Use of Live Animals in Teaching and
Research of the University of Hong Kong. The ileum and
associated mesentery were quickly dissected and immersed in
ice-cold (4 °C) Krebs solution bubbled with a 95% O2/5% CO2

gas mixture. The fourth-order mesenteric artery (∼2−3 mm
long) with an outer diameter of 250−350 μm was carefully
dissected free of the surrounding adipose tissue under a
dissection microscope. The artery was cut into short ring
segments with each suspended by two stainless steel wires in
the 5 mL chamber of a Multi Myograph System (Danish Myo
Technology, Aarhus, Denmark) with Krebs solution constantly
bubbled with a 95% O2/5% CO2 gas mixture and maintained at
37 °C. Changes in vessel diameter were then measured. The
rings were placed under an optimal basal tone of 2 mN,
determined from previous length−tension experiments.
Changes in isometric tension were measured with a force
transducer and stored on labchart software for later data
analysis. Twenty minutes after being mounted in organ baths,
the rings were first contracted with 1 μM phenylephrine (Phe)
to test the contractility and then relaxed with 1 μM
acetylcholine. They were rinsed several times until baseline
tone was restored. The rings were thereafter allowed to
equilibrate for 60 min. Baseline tone was readjusted to 2 mN
when necessary. Each set of experiments was performed on
rings prepared from different rats.
Vascular Tension Measurements. In this set of experi-

ments, relaxation of (3 μM) Phe-contracted endothelium-intact
rings was induced by CZ-48 (30−300 μM), CZ-24 (30−300

μM), or nicotinamide (0.01−6 mM). All chemicals were
dissolved in milliQ water (MQ).
The relaxant effects of the vasodilators were expressed as 100

minus the percent reduction from the Phe-induced contractile
response. Nonlinear regression curve fitting was performed on
individual cumulative concentration−response curves (Graph-
Pad, version 5.0). The half-maximal effective concentration
values were calculated as negative log molar values of dilator
that induced 50% of the maximal relaxation. All data are means
± SEM. Statistical significance was determined by a two-tailed
Student’s t test or one-way ANOVA followed by the Newman−
Keuls test when more than two treatments were compared. A P
value of <0.05 was defined as being significant.

Crystallization, Data Collection, and Structure Refine-
ment. Crystals of CD38 in complex with compounds were
obtained by cocrystallization using the hanging drop vapor
diffusion method. CD38 protein in 20 mM HEPES buffer was
mixed with the CZ compounds to give a final CD38
concentration of 10 mg/mL and a final compound concen-
tration of 5 mM. The mixture was then added to an equal
volume of the reservoir buffer [0.1 M sodium acetate (pH 4.0),
0.2 M ammonium acetate, 3% 2-propanol, and 15% PEG
10000] for cocrystallization. The crystals were soaked in cryo
buffer in 0.1 M sodium acetate (pH 4.0), 20% glycerol, and
20% PEG 10000. They were harvested and flash-frozen in
liquid nitrogen. The diffraction data were collected at 100 K at
BL17U at the Shanghai Synchrotron Radiation Facility and
processed with HKL2000.35 Molecular replacement was
performed using Phaser36 from CCP437 with the wild-type
human CD38 [Protein Data Bank (PDB) entry 1YH3] as the
searching model. The model was refined with Refmac38 and
then cycled with rebuilding in Coot.39 The ara-2′F product was
built into positive difference electron density maps after a few

Table 1. Data Collection and Refinement Statistics for Molecular Replacementa

CZ-27 CZ-46 CZ-48 CZ-50b

Data Collection
space group P1 P1 P1 P1
cell dimensions

a, b, c (Å) 41.87, 53.66, 63.56 41.88, 53.51, 63.91 41.91, 50.85, 68.62 41.82, 53.63, 63.54
α, β, γ (deg) 109.56, 90.95, 94.73 109.33, 90.53, 94.83 68.62, 65.21, 83.60 109.72, 91.19, 94.81

resolution (Å) 50−1.65 (1.71−1.65) 50−1.91 (1.98−1.91) 50−2.05 (2.12−2.05) 50−1.95 (2.02−1.95)
Rsym or Rmerge 0.071(0.399) 0.095(0.541) 0.069(0.384) 0.090(0.339)
I/σI 19.4(3.9) 15.3(1.5) 23.4(3.5) 18.7(4.0)
completeness (%) 95.9(95.5) 94.9(86.8) 97.9(96.8) 97.7(96.6)
redundancy 3.9(4.0) 3.1(2.5) 3.5(3.4) 3.7(3.7)

Refinement
resolution (Å) 50−1.65 50−2.10 50−2.04 50−1.94
no. of reflections 56509 27735 29932 35482
Rwork/Rfree 0.180/0.209 0.216/0.275 0.183/0.227 0.173/0.209
no. of atoms

protein 4099 4071 4089 4086
compound 34 42 26 26
water 368 198 237 266

B factor
protein 15.2 10.9 13.8 13.7
compound 32.9 45.6 42.6 34.4
water 26.2 14.8 21.7 22.9

root-mean-square deviation
bond lengths (Å) 0.009 0.011 0.008 0.010
bond angles (deg) 1.282 1.289 1.088 1.185

aValues in parentheses are for the highest-resolution shell.
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restrained refinement runs of the protein models with the
stereochemical restraints generated using PRODRG.40 TLS
refinement41 was incorporated into the later stages of the
refinement process. Solvents were added automatically in Coot
and then manually inspected and modified. The final model
was analyzed with MolProbity.42 Data collection and model
refinement statistics are summarized in Table 1. The
coordinates and structure factors of wild-type CD38 in complex
with hydrolyzed compounds CZ-27, CZ-46, CZ-48, and CZ-
50b were deposited in the PDB as entries 3ROK, 3ROQ,
3ROM, and 3ROP, respectively.

■ RESULTS AND DISCUSSION
Ara-2′F-NMN (CZ-17) inhibited the NADase reaction of
CD38 in a concentration- and time-dependent manner, with a
half-maximal inhibition concentration of ∼0.5 μM (Figure 1).
We have previously shown by X-ray crystallography that CZ-17
forms a covalent intermediate with CD38.27 The nicotinamide
group is cleaved, and the anomeric carbon is covalently linked
to the catalytic residue, Glu226.
Structure−Function Relationship of the Analogues of

Ara-2′F-NMN. To elucidate the structural determinants of
Ara-2′F-NMN (CZ-17) for its inhibitory effect, we synthesized
a series of analogues. As shown in Figure 1, the negative charge
on the phosphate was critical for the inhibition. Eliminating the
charges by attaching alkyl groups to the phosphate or by
deleting the group altogether rendered CZ-17 inactive in
inhibiting the NADase reaction.
Attaching a monoalkyl group to the phosphate, thus

preserving a negative charge on the group, preserved its
inhibitory effect, as shown in Figure 2. The length of the alkyl

chain was important. The analogue with a short three-carbon
chain (CZ-57) was least inhibitory, requiring a concentration of
11 μM to produce half-maximal inhibition, 22 times higher than
that of CZ-17. Analogues (CZ-27, CZ-45, and CZ-53) with
chains containing four or more carbons were much more

inhibitory; all required a concentration of ∼2 μM to produce
half-maximal inhibition, making them 10 times more effective
than CZ-57.
The orientation of the fluorine at position 2′ has very little

effect on the inhibition of the NADase (Figure 3). CZ-50b,

whose fluorine is in the syn position (ribose form) with respect
to the OH group at position 3′, had an effectiveness similar to
that of CZ-17 with the fluorine in the anti orientation
(arabinose form), requiring a concentration ∼0.6 μM to
produce half-maximal inhibition. However, as shown in Figure
3, switching the fluorine to position 3′ as in CZ-24 dramatically
increased the half-maximal effective concentration by more
than 500 times to >0.25 mM. Fluorine is a strong electron-
withdrawing group. Its presence at position 2′ should promote
the cleavage of the nicotinamide ring and the formation of the
covalent intermediate. Consistently, moving it to position 3′
increases its distance from the anomeric carbon and slows
formation of the intermediate, and hence the inhibition.
Changing the fluorine to chlorine (CZ-30) increased the
effective concentration to 11 μM, which was further increased
to >1 mM with an N3 substituent (CZ-32). This correlates with
the chloro and azido groups having much weaker electron
withdrawing ability than the fluoro group.
Figure 4 shows that changing one of the oxygens of the

phosphate to sulfur (CZ-48) had a minimal effect. The
concentration of 2 μM required to produce half-maximal
inhibition was higher than that of CZ-17 but was comparable to
the effect of attaching an alkyl group to the phosphate (cf.
Figure 2). The slight reduction of the effectiveness of the sulfur
analogue can thus be attributed to the charge reduction of the
phosphate that was the same as that of the phosphate ester

Figure 2. Effects of attaching alkyl chains of various lengths to the
phosphate of ara-2′F-NMN on its inhibitory ability. Recombinant
human CD38 was incubated with various concentrations of the
analogues of ara-2′F-NMN (CZ-17) for 2 h, and its NADase activity
was then measured as described in the text.

Figure 3. Role of the fluorine on the ribose of ara-2′F-NMN in its
inhibitory ability. Recombinant human CD38 was incubated with
various concentrations of the analogues of ara-2′F-NMN (CZ-17) for
2 h, and its NADase activity was then measured as described in the
text.
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analogues. Attaching a bulkier aromatic group, such as a
benzene ring, to the phosphate also has a minimal effect. For
CZ-28 and CZ-46, concentrations of 3 and 1.3 μM,
respectively, were required to produce half-maximal inhibition.
The structure−function relationship described above indicates
that the catalysis-based inhibitors for CD38 are highly specific.
Even a slight change in the structure of the compounds can
entirely eliminate the inhibitory effect.
Stability of the Inhibitors. As described above, the

phosphate group is critical for the inhibitory effect but
susceptible to hydrolysis by phosphatases that are prevalent
in cells. Ara-2′F-NMN is thus unlikely to be useful as a generally
applicable inhibitor for CD38 in cells and tissues. Indeed, as
shown in Figure 5A, treatment of CZ-17 with alkaline
phosphatase effectively eliminated its inhibitory effect on
CD38. However, the attachment of a single hydrocarbon
substituent to phosphate, as in CZ-27, CZ-28, CZ-45, and CZ-
46, made it stable against alkaline phosphatase, as was the sulfur
analogue, CZ-48. These compounds, although slightly less
effective than CZ-17, should be more useful as inhibitors of
CD38 in cells and tissues. The reduction in charge on the
phosphate and the increased hydrophobicity due to the
hydrocarbon substituent should also make these compounds
more permeant to cells and tissues.
Importantly, the ester linkage between the hydrocarbon

substituent and the phosphate was found to be stable against
esterase activity that is also prevalent in cells and tissues. This
was tested using CZ-27 as shown in Figure 5B. It retained its

inhibitory effect on CD38 even after prolonged treatment with
high concentrations of esterase. The control shows that the
esterase used was fully effective in hydrolyzing the ester bonds
of the acetoxymethoxy (AM) groups of fluo 3-AM and
converting it to fluo 3.

Crystal Structures of the Covalent Intermediates. We
selected CZ-27 for structural analysis because it is most suitable
for use in cells and tissues, as described above. The crystal
structure of CZ-27 in a complex with CD38 is shown in Figure
6. There were two molecules in each asymmetric unit, and each
had a covalent intermediate of CZ-27 (rendered as sticks)
bound at the middle of the molecule (Figure 6A).
The interactions between the bound intermediate and the

active residues are shown in stereoview in Figure 6B. The
linkage between the carboxyl oxygen of Glu226 and the
anomeric carbon of the ribose of CZ-27 was 1.4 Å in length,
consistent with a covalent bond. The nicotinamide ring of CZ-
27 was cleaved and released. The fluorine at position 2′ of the
ribose of CZ-27 was in the anti orientation with respect to the
3′-hydroxyl, which formed hydrogen bonds (cyan dash) with
both the amide nitrogen of Trp125 and a bound water
molecule.
Likewise, the phosphate was well-positioned through hydro-

gen bonding with the amide nitrogens of Phe222 and Arg127,
as well as with the hydroxyl group of Ser126. These interactions

Figure 4. Effects of modifying the phosphate or the nicotinamide
groups of ara-2′F-NMN on its inhibitory ability. Recombinant human
CD38 was incubated with various concentrations of the analogues of
ara-2′F-NMN (CZ-17) for 2 h, and its NADase activity was then
measured as described in the text.

Figure 5. Stability of the analogues of ara-2′F-NMN against alkaline
phosphatase and esterase. (A) Various analogues of ara-2′F-NMN
were incubated with the indicated concentrations of alkaline
phosphatase for 2 h at 37 °C. After removal of the phosphatase
using Immobilon-P filters, the analogues were tested for the ability to
inhibit the NADase activity of CD38. The concentration of all the CZ
compounds tested was 20 μM, except that of CZ-48, which was tested
at 10 μM. (B) The procedure was the same as that used for panel A,
except that CZ-27 was incubated with the esterase for 2 h at room
temperature.
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should contribute to the affinity of CZ-27 for the active site.
The importance of the charges on the phosphate for the
inhibitory effect of CZ-27 is thus clear. Elimination of the
charges, as in CZ-51 and CZ-55 (cf. Figure 1), certainly would
disrupt the hydrogen bonding and prohibit binding of CZ-27 to
the active site.
Figure 7A shows the superposition of the two CD38

molecules in the asymmetric unit and focuses on the active site.
The ribose units of the intermediates of both CD38 molecules
superimposed very well. However, the two hydrocarbon chains
(carbon colored transparent cyan and opaque white) attached
to the phosphate had completely different conformations. Also,
both were directed outward from the active site pocket. These
structural features indicate the chain is flexible, and its length or
bulkiness should not interfere with its function as an inhibitor,
because it is mainly outside the active site. This is consistent
with the functional results shown in Figures 2 and 4. This
structural feature can be exploited to produce useful probes for
CD38. For example, a fluorescent group can be attached to the

end of a long hydrocarbon chain to produce a fluorescent probe
for labeling CD38 in cells and tissues.
The crystal structures of the complexes of three other

inhibitors, CZ-46, CZ-48, and CZ-50b, were also determined to
assess the generality. All of them formed covalent intermediates
with Glu226. Figure 7B shows the alignment of the two CZ-46
intermediates in the two CD38 molecules in the asymmetric
unit. As opposed to CZ-27, the two benzene rings in the CZ-46
intermediates superimposed quite closely. Other than that, the
structure of the intermediate was essentially identical to that of
CZ-27.
The same was true for CZ-48 as shown in Figure 7C. The

sulfur atom that replaced one of the oxygens of the phosphate,
similar to the hydrocarbon chain in CZ-27 and the benzene
ring in CZ-46, was also pointing outward from the active site.
The structural similarity of all these three intermediates is
consistent with the fact that they are similarly effective in
inhibiting CD38 (Figures 2 and 4).
Figure 7D shows a similar surface view of the active site

pocket with an intermediate of CZ-50b covalently linked to

Figure 6. Structure of human CD38 in a complex with compound CZ-27. (A) Ribbon display of the two molecules of CD38 in a crystal asymmetric
unit. Each CD38 molecule has a catalysis intermediate covalently bound near the middle of the protein. The intermediates are rendered as sticks.
Phosphorus is colored orange, oxygen red, carbon green, and fluorine cyan. The secondary structures of CD38 are shown with helices colored red, β-
sheets yellow, and coils gray. (B) Stereoview of the covalent intermediate CZ-27 at the active site. The carbons of residues at the active site are
colored gray and nitrogens blue. The color coding for the covalent intermediate is the same as that in panel A. Cyan dashes represent hydrogen
bonds. The Fo − Fc map for the covalent intermediate is shown as green mesh at 3.0σ.
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Glu226. The fluorine can be seen to have a syn orientation with
respect to the 3′-hydroxyl of the ribose, contrasting with the
anti orientation in CZ-27 and confirming the chemical structure
of the compound. Also present in the active site, in this case, is
the cleaved nicotinamide ring, which stacked parallel to Trp189
at a distance of 4.3 Å, suggesting hydrophobic interaction.
Cellular Application. We have previously shown that

induction of differentiation in human HL-60 cells by retinoic
acid is accompanied by continuous and strong expression of
CD38 as well as concomitant elevation of the cellular content
of cADPR.43 The differentiation takes ∼3 days. The stability of
the inhibitors as shown in Figure 5 makes it possible to apply
them to this process. Figure 8 shows that CZ-27 was effective in
inhibiting the increase in the cellular concentration of cADPR
in a concentration-dependent manner. The half-maximal
effective concentration was ∼10 μM, similar to its effectiveness
in inhibiting the NADase activity of CD38 (Figure 2). To
demonstrate specificity, we also tested CZ-24, which required a
concentration of >0.25 mM to produce half-maximal inhibition
(Figure 3). Consistently, it did not have a notable effect on the
cADPR content even at 20 μM. The inhibition of cADPR
production in the cells was not complete, probably because of
the continuous expression and turnover of CD38 associated
with the differentiation process. Alternatively, the negatively

charged CZ-27 might not have access to all CD38 in the cells,
as it is known that CD38 is expressed as an ecto-enzyme on cell
surfaces and in intracellular organelles.43−45 The development
of both impermeant and permeant inhibitors, as started in this
study, can potentially be useful in dissecting the physiological
functions of ecto-CD38 and intracellular CD38.

Tissue Application. It has previously been shown that
cADPR is responsible for mediating α-adrenergic Ca2+ signaling
in rat lacrimal acinar cells.46 Similarly, ablation of CD38, the
enzyme responsible for cADPR synthesis, results in impairment
of the aortic contraction induced by α-adrenoceptor
stimulation.47 We therefore tested the effect of CZ-48 on the
phenylephrine-induced contraction of rat arteries.
As described above, the inhibitory effects of the CZ

compounds are catalysis-based and require specific interactions
with the active site of CD38. Currently, only the structure of
human CD38 has been determined, and how similar it is with
that of rat CD38 is not known. We thus tested first if CZ-27
can inhibit rat CD38 activity. We used rat heart extracts and
measured the cyclization activity of CD38 using NGD, which is
cyclized to fluorescent cGDPR.29 This reaction is specific for
CD38 and suitable for use in tissue extracts because other
NAD-utilizing enzymes do not catalyze cGDPR production. As
shown in Figure 9A, CZ-27 inhibited cGDPR production in rat

Figure 7. Structure at the active site of CD38. CD38 is shown as a surface with residue Glu226 shown as a magenta stick. The covalent intermediates
at the active site are shown as stick models with oxygens colored red, phosphates orange, fluorines cyan, and sulfurs gold. (A) Superposition of the
two CD38 molecules in the crystal asymmetric unit showing the differences between the two CZ-27 intermediates of the CD38−CZ-27 complex.
The carbon atoms of the two CZ-27 intermediates are colored white and transparent cyan. (B) Similar superimposition of the intermediates of CZ-
46. The color coding is the same as that in panel A. (C) Covalent intermediate of CZ-48 at the active site of CD38. The carbon atoms of CZ-48 are
colored green. (D) Covalent intermediate of CZ-50b at the active site of CD38. The cleaved nicotinamide ring could also be seen in the refined
structure and is shown as stick models stacking close to the side chain of residue Trp189 with a distance of 4.3 Å. The color coding for CZ-50b and
nicotinamide is the same as in Figure 6.
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heart extracts with a half-maximal effective concentration of <5
μM, similar to that needed for its inhibition of the NADase
activity of human recombinant CD38. CZ-24 showed no
inhibition, similar to that seen in human CD38. CZ-48
inhibited the cyclization reaction in rat heart tissue extracts
also, but less effectively than CZ-27. In human CD38, both
were similarly effective. This can be attributed to possible
differences in the active sites. Nevertheless, the results suggest
that the catalytic mechanism and structure of the active site of
rat CD38 should be quite similar to those of human CD38 and
that the CZ compounds can be applied to both species.
Figure 9B shows that, as expected, CZ-48 inhibited the Phe-

induced contraction of rat mesentery arteries with a half-
maximal effective concentration of ∼30 μM, while the inactive
analogue, CZ-24 (Figure 3), had little effect up to 300 μM. The
vascular relaxing effects of CZ-48 were confirmed by
nicotinamide, a known inhibitor of CD3843,48 (Figure 9C).
The half-maximal effective concentration of nicotinamide on
inhibiting contraction was much higher, ∼2.2 mM. It should be
noted that nicotinamide is not actually an inhibitor of CD38;
instead, at high concentrations, it reverses its NAD hydrolysis
and cyclization reactions.34

In summary, this study provides evidence that the CZ
compounds are generally applicable and reasonably specific
inhibitors of CD38. These compounds have been tested in cells
and vascular tissues. Both CZ-24 and CZ-48 are less charged
and more hydrophobic than ara-F-NMN, and it is reasonable to
expect them to be cell permeant and able to inhibit both ecto-
CD38 and intracellular CD38. The mechanisms of their
inhibitory effects have been elucidated by X-ray crystallography
and structure−function analyses. These specific inhibitors have
advantages over the gene knockout approach for assessing the
physiological roles of CD38, because they are applied acutely,
making the inhibition unlikely to be obscured by possible
compensatory mechanisms that are commonly developed in
knockout mice. Also, as shown in this study, the inhibitors are

species-independent, and thus, their applications are not limited
to mice as gene ablation is. They should thus be valuable tools
for dissecting the CD38/cADPR signaling pathway.
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differentiation, with or without various concentrations of CZ-27 or
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Figure 9. Inhibition of CD38 activity and α-agonist-induced vascular
constriction. (A) The cyclization activity of CD38 in the extracts of rat
heart was measured as the rate of production of cGDPR from NGD as
a substrate as described in the text. (B) Isolated mesentery arterial ring
preparations from rats were preconstricted with 3 μM phenylephrine.
Sequential addition of increasing concentrations of CZ-48 induced
progressive relaxation. Neither the inactive analogue, CZ-24, nor the
solvent (MQ water) control produced similar vascular relaxation. Data
are means ± SEM of five measurements, except with CZ-24, which
were means ± SEM of three measurements. (C) Same as panel B,
except nicotinamide was tested. Data are means ± SEM of five
measurements.
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