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Abstract: Nicotinamide adenine dinucleotide (NAD), one of the most important coenzymes 

in the cells, is a substrate of the signaling enzyme CD38, by which NAD is converted to a 

second messenger, cyclic ADP-ribose, which releases calcium from intracellular calcium 

stores. Starting with 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide adenine dinucleotide 

(ara-F NAD), a series of NAD analogues were synthesized and their activities to inhibit 

CD38 NAD glycohydrolase (NADase) were evaluated. The adenosine-modified analogues 

showed potent inhibitory activities, among which 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide 

guanine dinucleotide (ara-F NGD) was the most effective one. The structure-activity 

relationship of NAD analogues was also discussed. 
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1. Introduction 

NAD is an endogenous molecule that is extremely widespread in live cells, it plays very important 

biological roles as redox coenzyme [1], substrate of ADP-ribosyl transferases [2], ADP-ribosyl cyclases [3], 

deacetylases [4], DNA ligases [5]; therefore, analogues of NAD may have important biological 

functions and potential clinical applications. One metabolizing enzyme of NAD in mammals is CD38, 

a type II or III transmembrane glycoprotein that has important physiological functions. It is firstly 

identified in lymphocytes by means of monoclonal antibody [6]. Gene knockout studies establish that 

CD38 plays a critical role in a series of physiological responses such as calcium signaling pathway [7], 

susceptibility to immune response [8] and social behavior of mice by regulating the plasma level of 

oxytocin [9]. It is reported that it functions as both an enzyme and a receptor. As a signaling enzyme, it 

can convert NAD into two messengers, i.e., ADP ribose (ADPR) and cyclic ADP ribose (cADPR). It 

also catalyzes the synthesis of nicotinic acid adenine dinucleotide phosphate (NAADP) from 

nicotinamide adenine dinucleotide phosphate (NADP) with a base-exchange reaction in acidic 

condition. All the three molecules are calcium-mobilizing related [10–12]. The catalytic mechanism of 

multiple reactions catalyzed by CD38 was studied, and both covalent and non-covalent mechanisms 

have been evidenced [13,14]. It turns out that the same enzyme, CD38, can catalyze the enzymatic 

reaction through two entirely different reaction pathways depending on the structures of substrates 

involved [15]. 

It is thus of great significance to develop specific and generally applicable inhibitors of CD38. The 

inhibitors of CD38 can be classified to covalent and non-covalent ones [16–18]. The substrate of the 

enzyme, NAD, consists of two parts, nicotinamide mononucleotide (NMN) and adenosine monophosphate 

(AMP) (Figure 1). Over the years, 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide adenine dinucleotide 

(ara-F NAD) and 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide mononucleotide (ara-F NMN) were 

well studied for their inhibitions toward CD38 NADase [19,20], and both of them showed good 

inhibitory potencies and could be used as probes to investigate the function of CD38 [21]. 

Figure 1. Structures of NAD, ara-F NAD and ara-F NMN. 

 

The structure-activity relationship (SAR) of ara-F NMN analogues has been investigated in our 

earlier work [16]. To obtain NAD analogues with higher potency and to better understand the 

molecular mechanism of the binding between CD38 and small molecule inhibitors, various kinds of 
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NAD analogues were synthesized in this study. The analogues were based on the modifications of the 

three moieties of NAD, i.e., nicotinamide nucleoside, pyrophosphate and adenosine. Their effects on 

the inhibition of CD38 NADase activities were evaluated. The findings here will be helpful for the 

development of molecular probes to investigate the function of CD38. 

2. Results and Discussion 

2.1. Chemistry 

The synthesis of NAD analogues could be generalized to three steps, i.e., the synthesis of NMN 

moiety, AMP moiety and the coupling of the two nucleotides. The formation of the dinucleotide 

(Scheme 1) was the key step, and it was performed based on previous report [22]. 

Scheme 1. Coupling reaction to synthesize NAD analogues. 

 

Reagents and conditions: (a) CDI, DMF, MeOH, rt, 3 days. 

Entry R1 R2 R3 R4 R5 R6 Product No. Yield 

1 O F H O NH2 H Ara-F NAD 40% 

2 O CH3 F O NH2 H 7 10% 

3 S F H O NH2 H 10 29% 

4 O F H HOPO3 NH2 H 11 6% 

5 O F H O OH H 12 15% 

6 O F H O OH NH2 13 10% 

7 O F H O OCH3 H 19 35% 

Nicotinamide nucleoside-modified analogues. The synthesis of the analogues (Scheme 2) started 

from the commercially available reagent 1. Reduction of the lactone using lithium tri-tert-butoxy- 

aluminum hydride gave the lactol 2 in about 5:1 β/α anomeric ratio. Conversion of the 1-α-OH isomer 

to the β form failed, so the next step was performed without separation. The product, 1-bromosugar 3, 

was still a mixture of β/α anomers, but it was easily separated to give the pure α-anomer. The 

conditions that had successfully provided ara-F NMN [23] did not work here for the synthesis of 4, 

perhaps due to the methyl substituent that reduced the reactivity of ribofuranose 1′-position. Therefore, 

the target product 4 was formed by refluxing overnight in acetonitrile. After deprotection of the two 

hydroxyls using K2CO3 in methanol, and phosphorylation of the 5′-OH using POCl3/TMP, compound 6 

was generated. Activation of the phosphate with carbonyldiimidazole (CDI) [22] and coupling with AMP, 

afforded compound 7. 
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Pyrophosphate-modified analogues. The ara-F NMN 8 and S-ara-F NMN 9 were obtained 

following the method reported before [23]. Compound 10 was prepared by coupling 9 with AMP. 

Compound 8 was activated and coupled with ADP to afford 11 (Scheme 1). Since the triphosphate was 

more unstable than the diphosphate, 11 was obtained in a poor yield. 

Scheme 2. Synthesis of 2′-CH3-2′-F NAD (7). 

 
Reagents and conditions: (a) LiAlH(OBut)3, THF; (b) PPh3, CBr4, DCM; (c) nicotinamide, MeCN, 

reflux; (d) K2CO3, MeOH, 3 h; (e) POCl3, TMP, 0 °C; (f) CDI, DMF, MeOH, AMP, rt, 3 days. 

Adenosine-modified analogues. 2′-Deoxy-2′-fluoroarabinosyl-β-nicotinamide hypoxanthine 

dinucleotide (ara-F NHD, 12), 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide guanine dinucleotide 

(ara-F NGD, 13) and 2′-deoxy-2′-fluoroarabinosyl-β-nicotinamide 6-O-methylhypoxanthine dinucleotide 

(6-OMe-ara-F NHD, 19) were synthesized. Ara-F NHD and ara-F NGD were prepared by coupling 

ara-F NMN with the commercially available reagents Na2·IMP and Na2·GMP, respectively (Scheme 1). 

The products were obtained with relatively low yields, it suggested that the sodium phosphates were 

not the perfect form of substrates for coupling reaction. 

Scheme 3. Synthesis of 6-OMe-ara-F NAD (19). 

 
Reagents and conditions: (a) DBU, TMSOTf, MeCN; (b) 1 M MeONa in MeOH, 0 °C, 1 h;  

(c) POCl3, TMP, 0 °C; (d) CDI, DMF, MeOH, ara-F NMN, rt, 3 days. 
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6-OMe-ara-F NHD (19) was prepared starting from the coupling of tetraacetyl-β-D-ribose (14) and 

6-chloropurine (15) to afford the nucleoside 16 [24], followed by simultaneous remove of the acetyl 

protecting group and conversion of the 6-chloro to 6-methoxy using 1 M sodium methoxide solution in 

one step, and then phosphorylation 6-O-Me-AMP (18) was performed. The desired compound 19 was 

generated by treatment of the phosphate-activated ara-F NMN with 18 in DMF (Scheme 3). 

We also synthesized three analogues with adenosine replaced by 2′-deoxy-2′-fluoroarabinosyl-β- 

nicotinamide nucleoside (8a) or 2′-deoxy-2′-fluoro-2′-methylarabinosyl-β-nicotinamide nucleoside (5). 

Compound 20 was generated relatively easily by coupling two-equivalents of ara-F NMN 8 together. 

Compound 21 was obtained by treating compound 8a [23] with methylenebis (phosphonic dichloride). 

The same method was used to prepare 22 (Scheme 4). 

Scheme 4. Synthesis of bis(ara-F NMN) (20), bis(ara-F NMN)[CH2] (21) and bis(2′-CH3- 

2′-F NMN)[CH2] (22). 

 
Reagents and conditions: (a) CDI, DMF, MeOH, rt, 3 days; (b) TMP, methylenebis(phosphonic 

dichloride), 0 °C, 5 h. 

2.2. Biological Evaluation 

Enzyme inhibition assays. The inhibitory activities to CD38 NADase of NAD analogues were 

evaluated by the method reported before [16]. In this method, the inhibitions of NADase activities 

were calculated from the decrease of the NAD content. Considering the analogues might be detected as 

NAD because of their structural similarities, the potential interference was evaluated by setting up an 

independent test using the same method, which showed that the interference was undetectable or 

negligible at the tested concentrations. 
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Previous studies on the analogues of ara-F NMN showed that, C-2′ of the furan ring was an 

important position for the inhibitory activity [16]. Strong inhibitory activity was obtained when C-2′ 

was substituted by fluoro (ara-F NMN), while double fluoro-substitution resulted in feeble inhibitory 

activity. To further explore the effect of C-2′ substitution on inhibitory activity, ara-methyl and F  

were introduced (2′-CH3-2′-F NAD, 7). These analogues showed weak inhibition of CD38 NADase 

(Figure 2A, Table 1). The result implies that C-2′ is very sensitive to substitution. Substituents other 

than F will make the inhibitory activity decrease or be lost completely. 

Figure 2. Concentration dependence of inhibitors. Effect of (A) nicotinamide 

nucleoside-modified, (B) pyrophosphate-modified, (C) adenosine-modified NAD 

analogues and (D) dimers of NMN analogues on CD38 NADase inhibitory activities. 
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Table 1. Summary of NAD analogues and their inhibitory activities of CD38 NADase.  

n.s. = no significant inhibitory effect was observed. 

Modified Approach Compd. No. Compd. Name IC50/nM 

Control 1 23 Ara-F NAD 61.1 

Control 2 8 Ara-F NMN 297 

Nicotinamide nucleoside 7 2′-CH3-2′-F NAD 1.81 × 106 

Pyrophosphate 
10 S-ara-F NAD 341 

11 3P-ara-F NAD 1.15 × 103 

Adenosine 

12 Ara-F NHD 109 

13 Ara-F NGD 89.3 

19 6-OMe-ara-F NHD 133 

Dimer 

20 Bis(ara-F NMN) 575 

21 Bis(ara-F NMN)[CH2] 7.98 × 103 

22 Bis(2′-CH3-2′-F NMN)[CH2] n.s. 
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In most cases, the diphosphate linkage of endogenous molecule (cADPR, NAADP, ADPR) is an 

important moiety for its biological activity, the modification of this part might significantly affect its 

biological functions, e.g., triphosphate modified cADPR showed increased agonistic activity [25]. We 

synthesized analogues with phosphorothioate or triphosphate-modified pyrophosphate, i.e., S-ara-F 

NAD (10) and 3P-ara-F NAD (11). They showed inhibitory activities with IC50 values of 341 nM and 

1.15 µM, respectively (Figure 2B, Table 1). The introduction of phosphorothioate or triphosphate will 

thus result in seriously decreased inhibitory activity. 

To study the effects of adenine on the inhibitory activities, we firstly investigated the effects of 

substituent groups on purine. Three modifications were performed on the adenine ring. All analogues 

with C-2 or C-6 substituted purines, i.e., ara-F NHD (12), ara-F NGD (13) and 6-OMe-ara-F NHD 

(19), showed significant inhibitory effects (IC50: 89.3 nM to 133 nM; Figure 2C, Table 1). The 

maintenance of inhibitory activity implies that the adenine moiety tolerates modifications to some 

extent. Dimers of NMN analogues (20–22, Figure 2D) could be considered as bis-covalent mimics of 

ara-F NMN, but these mimics showed obviously decreased inhibitory activities. Bis(ara-F NMN) (20) 

showed an IC50 value of 576 nM, which is about one half the potency of its monomer (ara-F NMN). 

The substitution of pyrophosphate with methylene diphosphonate (compound 21) led to an even more 

obvious decrease of inhibitory activity, which implied that the -CH2- bridge was not favorable for the 

interaction of NAD mimics and CD38. 

3. Experimental Section 

3.1. General Information 

All final products were isolated and purified by high performance liquid chromatography (HPLC), 

identified by high resolution mass spectrometry (HRMS) and nuclear magnetic resonance (NMR). 

They were purified at least twice by a C18 reversed-phase column (2.2 × 25 cm) equipped on a Gilson 

HPLC buffer system: H2O/MeOH, 1‰ TFA (pH 2–3). HRMS (electrospray ionization) were 

performed with Bruker APEX IV (Bruker Daltonics Inc., Billerica, MA, USA). 1H-NMR and 
13C-NMR spectra were recorded with a Bruker AVANCE III 400 (Bruker BioSpin AG, Fällanden, 

Switzerland) instrument at room temperature, CDCl3 or D2O were used as solvents. Chemical shifts 

are reported in parts per million downfield from TMS (1H and 13C). 31P-NMR spectra were recorded at 

room temperature on the Bruker AVANCE III 400. Orthophosphoric acid (85%) was used as external 

standard. 19F-NMR spectra were recorded on the Bruker AVANCE III 400. 19F-NMR chemical shifts are 

reported in ppm with reference to CF3COOH (−75.6 relative to -CF3) as external standard. 

Recombinant CD38, produced with a yeast expression system (Invitrogen, Carlsbad, CA, USA) was 

used to prepare the recombinant CD38 as reported previously [14]. Briefly, pPICZαA carrying the 

C-terminus of CD38 (AA46-300, with the four glycosylation sites mutated, N100D, N164D, N209D 

and N219D) was transformed Pichia pastoris yeast, X33. The recombinant CD38 was induced by 

methanol and purified by phenylsepharose chromatography and cation exchange chromatography (SP 

column, GE Healthcare, Little Chalfont, UK). All the chemicals used in the enzymatic assays were 

purchased from Sigma (Santa Clara, CA, USA). 
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3.2. Chemistry 

General Procedure: Coupling Reaction to Synthesize NAD Analogues 

The corresponding lyophilized analogue of NMN (0.l mmol, 1.0 eq.) was dissolved in dried DMF 

(0.5 mL). Carbonyldiimidazole (CDI, 114 mg, 0.7 mmol, 7.0 eq.) was added under argon atmosphere. 

The reaction mixture was stirred at room temperature and monitored by HPLC. After 3 h, all the 

starting material had been consumed and a new peak appeared. A small amount of methanol (50 µL) 

was added to hydrolyze the excess CDI. The solvent of the reaction mixture was evaporated after  

30 min, and then the other nucleoside monophosphate (0.12 mmol, 1.2 eq) which was dissolved in 

anhydrous DMF (1.5 mL) containing tri-n-butylamine (0.12 mmol) was added. The reaction mixture 

was stirred at room temperature for 3 days under argon atmosphere. The solution was evaporated to 

dryness. The oily residue was dissolved in water (10 mL) and washed successively with chloroform  

(3 × 10 mL) and ether (10 mL). The aqueous layer was evaporated again, and dissolved in 1‰ 

trifluoroacetic acid (TFA) aqueous solution (10 mL), and then purified by HPLC and lyophilized to 

give dinucleotide as a white cotton-shaped solid. 

3,5-Di-O-benzoyl-2-deoxy-2-fluoro-2-methyl-1-bromide-D-ribofuranose (3). Compound 2 [26] (564 mg, 

1.5 mmol, 1.0 eq.) was dissolved in dichloromethane (DCM, 4 mL) under an argon atmosphere. The 

solution was cooled to −25 °C, and PPh3 (555 mg, 2.1 mmol, 1.4 eq.) in DCM (3 mL) were added, 

stirred for 15 min, then CBr4 (750 mg, 2.29 mmol, 1.5 eq.) in DCM (2 mL) was added. After reacting 

for 0.5 h at −17 °C, silica gel (900 mg) was added to the mixture, which was filtered and washed with 

DCM. The combined filtrates were concentrated under reduced pressure and the residue were purified 

by column chromatography (petroleum ether-ethyl acetate = 150:1) to give 3 as a colorless oil (α,  

350 mg, 53%). 1H-NMR (400 MHz, CDCl3) δ 8.21–7.98 (m, 4H), 7.68–7.38 (m, 6H), 6.34 (s, 1H), 

5.30–5.27 (m, 1H), 4.87 (m, 1H), 4.77 (dd, J = 12.5, 3.2 Hz, 1H), 4.63 (dd, J = 12.5, 4.5 Hz, 1H), 1.72 

(d, J = 21.5 Hz, 3H). 

2′-Deoxy-2′-fluoro-2′-methyl-β-nicotinamide ribofuranoside (5). Compound 3 (330 mg, 0.76 mmol, 1.0 

eq.) was dissloved in anhydrous acetonitrile (MeCN, 3 mL), nicotinamide (463 mg, 0.38 mmol,  

5.0 eq.) was added and the mixture was refluxed overnight. The solvent of the reaction mixture was 

evaporated to give a yellow oil. The mixture was dissolved in MeOH (4 mL), K2CO3 (126 mg,  

0.91 mmol, 1.2 eq.) was added and the mixture stirred for 2 h at room temperature. The mixture was 

concentrated under reduced pressure and the residue were purified by column chromatography 

(DCM-MeOH = 3:1), to give compound 5 (250 mg, 94%) as a pale yellow vesicular solid. 1H-NMR 

(400 MHz, D2O) δ 9.32 (s, 1H), 9.11 (d, J = 6.3 Hz, 1H), 8.99 (d, J = 8.2 Hz, 1H), 8.26 (t, J = 7.2 Hz, 

1H), 6.52 (d, J = 17.1 Hz, 1H), 4.63–4.56 (m, 1H), 4.30 (m, 1H), 4.05–3.97 (m, 1H), 3.78 (dd, J = 13.1, 

4.3 Hz, 1H), 1.58 (d, J = 22.8 Hz, 3H); 19F-NMR (376 MHz, D2O) δ −172.73. 

2′-Deoxy-2′-fluoro-2′-methyl-β-nicotinamide mononucleotide (6). Compound 5 (176 mg, 0.50 mmol, 

1.0 eq.) was dissolved in trimethyl phosphate (TMP, 2.5 mL), and POCl3 (0.23 mL, 2.50 mmol, 5.0 eq.) 

was added slowly to the reaction mixture under ice bath cooling. The mixture was stirred for 2 h at 

0 °C, aqueous sodium hydroxide was then added to neutralize excess acid to a final pH of 7. The 
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solution was reduced to dryness, and then the gummy residue was dissolved in water (10 mL) and 

extracted with ethyl acetate (3 × 10 mL). The aqueous layer was evaporated again, and dissolved in  

10 mL of 1‰ aqueous TFA solution. After purification by HPLC and lyophilization, 6 (160 mg, 69%) 

was generated as a white cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.32 (s, 1H), 9.10 (d,  

J = 6.1 Hz, 1H), 8.98 (d, J = 8.1 Hz, 1H), 8.24 (dd, J = 7.7, 6.7 Hz, 1H), 6.53 (d, J = 17.2 Hz, 1H), 

4.70–4.66 (m, 1H), 4.39 (dd, J = 24.0, 9.3 Hz, 1H), 4.32 (ddd, J = 12.2, 5.9, 2.0 Hz, 1H), 4.16–4.08 (m, 

1H), 1.56 (d, J = 22.8 Hz, 3H); 31P-NMR (162 MHz, D2O) δ 0.02; 19F-NMR (376 MHz, D2O)  

δ −75.63, −173.38. 

2′-Deoxy-2′-fluoro-2′-methyl-β-nicotinamide adenine dinucleotide (2′-CH3-2′-F NAD, 7). Compound 6 

(TFA salt, 0.10 mmol, 46 mg, 1.0 eq.) and AMP (0.12 mmol, 42 mg, 1.2 eq.) were reacted following 

the general procedure to yield 7 (TFA salt) (8 mg, 10%) as a white cotton-shaped solid. 1H-NMR  

(400 MHz, D2O) δ 9.30 (s, 1H), 9.13 (d, J = 5.9 Hz, 1H), 8.96 (d, J = 8.0 Hz, 1H), 8.55 (s, 1H), 8.37 (s, 

1H), 8.24 (t, J = 7.1 Hz, 1H), 6.57 (d, J = 17.3 Hz, 1H), 6.02 (d, J = 5.4 Hz, 1H), 4.73–4.63 (m, 2H), 

4.53–4.37 (m, 3H), 4.33 (s, 1H), 4.21 (m, 3H), 1.56 (d, J = 22.8 Hz, 3H); 31P-NMR (162 MHz, D2O) δ 

−11.33; 19F-NMR (376 MHz, D2O) δ −75.71, −173.82; HRMS (ESI-TOF+) calcd for C22H29FN7O13P2 

[(M+H)], 680.1277; found, 680.1281. 

2′-Deoxy-2′-fluoro-5′-thio-phosphate-arabinofuranoside-β-nicotinamide adenine dinucleotide (S-ara-F NAD, 

10). Compound 9 (TFA salt) [16] (0.10 mmol, 47 mg, 1.0 eq.) and AMP (0.12 mmol, 42 mg, 1.2 eq.) 

were reacted following the general procedure to yield 10 (TFA salt) (23 mg, 29%) as a white 

cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.30 (m, 2H), 8.87 (d, J = 7.9 Hz, 1H), 8.53 (s, 1H), 

8.34 (s, 1H), 8.27–8.20 (m, 1H), 6.64 (dd, J = 8.5, 4.8 Hz, 1H), 6.04 (d, J = 5.3 Hz, 1H), 5.48 (dt,  

J = 51.3, 4.7 Hz, 1H), 4.69 (t, J = 5.3 Hz, 1H), 4.57 (dt, J = 17.6, 5.2 Hz, 1H), 4.52–4.43 (m, 1H), 

4.41–4.33 (m, 2H), 4.32–4.17 (m, 4H); 31P-NMR (162 MHz, D2O) δ 44.14 (d, J = 27.0 Hz), −12.32 (d, 

J = 27.4 Hz); 19F-NMR (376 MHz, D2O) δ −75.79, −199.16; HRMS (ESI-TOF+) calcd for 

C21H27FN7O12P2S [(M+H)], 682.0892; found, 682.0881. 

P1-(Adenosine)-P3-(2′-deoxy-2′-fluoro-β-nicotinamide arabinofuranoside) triphosphate (3P-ara-F NAD, 

11). Ara-F NMN (TFA salt) [23] (0.10 mmol, 45 mg, 1.0 eq.) and ADP (0.12 mmol, 51 mg, 1.2 eq.) 

were reacted following the general procedure to yield 11 (TFA salt) (5.2 mg, 6.0%) as a white 

cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.38 (s, 1H), 9.28 (D, J = 5.4 Hz, 1H), 8.92 (d,  

J = 7.6 Hz, 1H), 8.55 (s, 1H), 8.36 (s, 1H), 8.27 (t, J = 6.4 Hz, 1H), 6.67 (s, 1H), 6.07 (d, J = 5.3 Hz, 

1H), 5.50 (d, J = 51.2 Hz, 1H), 4.66 (d, J = 5.0 Hz, 2H), 4.47 (s, 1H), 4.38 (s, 2H), 4.28 (m,  

J = 39.1 Hz, 4H) 19F-NMR (376 MHz, D2O) δ −75.75, −199.40; HRMS (ESI-TOF+) calcd for 

C21H28FN7O16P3 [(M+H)], 746.0784; found, 746.0788. 

2′-Deoxy-2′-fluoro-arabinosyl-β-nicotinamide hypoxanthine dinucleotide (ara-F NHD, 12). Ara-F NMN 

(TFA salt) (0.10 mmol, 45 mg, 1.0 eq.) and Na2·IMP (0.12 mmol, 47 mg, 1.2 eq.) were reacted 

following the general procedure to yield 12 (TFA salt) (7.8 mg, 15%) as a white cotton-shaped solid. 
1H-NMR (400 MHz, D2O) δ 9.35 (s, 1H), 9.24–9.15 (m, 2H), 8.90 (d, J = 8.0 Hz, 1H), 8.28–8.18 (m, 2H), 

6.64 (dd, J = 10.3, 4.5 Hz, 1H), 6.13 (d, J = 3.5 Hz, 1H), 5.45 (dt, J = 51.2, 4.5 Hz, 1H), 4.63–4.51 (m, 
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2H), 4.41–4.13 (m, 7H); 31P-NMR (162 MHz, D2O) δ −11.47; 19F-NMR (376 MHz, D2O) δ −75.78, 

−199.16; HRMS (ESI-TOF+) calcd for C21H26FN6O14P2 [(M+H)], 667.0961; found, 667.0978. 

2′-Deoxy-2′-fluoro-arabinosyl-β-nicotinamide guanine dinucleotide (ara-F NGD, 13). Ara-F NMN 

(TFA salt) (0.10 mmol, 45 mg, 1.0 eq.) and Na2·GMP (0.12 mmol, 49 mg, 1.2 eq.) were reacted 

following the general procedure to yield 13 (TFA salt) (8.0 mg, 10%) as a white cotton-shaped solid. 
1H-NMR (400 MHz, D2O) δ 9.43 (s, 1H), 9.30 (d, J = 6.2 Hz, 1H), 9.07–8.95 (m, 2H), 8.35–8.28 (dd, 

J = 7.6, 6.8 Hz, 1H), 6.72 (dd, J = 9.8, 4.7 Hz, 1H), 6.01 (d, J = 3.8 Hz, 1H), 5.55 (dt, J = 51.4, 4.7Hz, 1H), 

4.70–4.58 (m, 2H), 4.50–4.18 (m, 7H); 31P-NMR (162 MHz, D2O) δ −11.45; 19F-NMR (376 MHz, D2O) 

δ −75.74, −199.21; HRMS (ESI-TOF+) calcd for C21H27FN7O14P2 [(M+H)], 682.1070; found, 682.1074. 

2′-Deoxy-2′-fluoro-arabinosyl-β-nicotinamide 6-O-methyl-hypoxanthine dinucleotide (6-OMe-ara-F NHD, 

19). Ara-F NMN (TFA salt, 0.10 mmol, 45 mg, 1.0 eq.) and 6-OMe-IMP [27] (0.12 mmol, 44 mg,  

1.2 eq.) were reacted following the general procedure to yield 19 (TFA salt) (28 mg, 35%) as a white 

cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.30 (s, 1H), 9.21–9.10 (m, 2H), 8.84 (d, J = 8.0 Hz, 

1H), 8.55 (s, 1H), 8.18 (t, J = 6.8 Hz, 1H), 6.59 (dd, J = 9.5, 4.1 Hz, 1H), 6.16 (d, J = 2.8 Hz, 1H), 

5.53–5.35 (m, 1H), 4.62 (t, J = 3.8 Hz, 1H), 4.52 (dt, J = 9.7, 4.6 Hz, 1H), 4.38 (t, J = 4.5 Hz, 1H), 

4.36–4.14 (m, 6H), 4.12 (s, 3H); 31P-NMR (162 MHz, D2O) δ −11.40; 19F-NMR (376 MHz, D2O) δ 

−75.72, −199.11; HRMS (ESI-TOF+) calcd for C22H28FN6O14P2 [(M+H)], 681.1117; found, 681.1118. 

Bis(2′-deoxy-2′-fluoro-β-nicotinamide-arabinosyl) pyrophophate (Bis(ara-F NMN), 20). Ara-F NMN 

(TFA salt, 0.10 mmol, 45 mg, 1.0 eq.) and another ara-F NMN (TFA salt, 0.12 mmol, 54 mg, 1.2 eq.) 

were added respectively following the general procedure to yield 20 (TFA salt) (27 mg, 30%) as a 

white cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.41 (s, 2H), 9.28 (d, J = 6.2 Hz, 2H), 8.97  

(d, J = 8.1 Hz, 2H), 8.29 (dd, J = 7.9, 6.5 Hz, 2H), 6.71 (dd, J = 9.7, 4.7 Hz, 2H), 5.52 (dt, J = 51.3,  

4.7 Hz, 2H), 4.61 (dt, J = 17.7, 5.0 Hz, 2H), 4.41 (m, 4H), 4.34–4.27 (m, 2H); 31P-NMR (162 MHz, 

D2O) δ −11.45; 19F-NMR (376 MHz, D2O) δ −75.68, −199.09; HRMS (ESI-TOF+) calcd for 

C22H28F2N4O13P2 [(M+H)], 655.1012; found, 655.1007. 

Bis(2′-deoxy-2′-fluoro-β-nicotinamide-arabinosyl)-methylenediphosphonate (Bis(ara-F NMN)[CH2], 21). 

Compound 8a (70 mg, 0.21 mmol, 2.0 eq.) was dissolved in TMP (2.5 mL), (Cl2PO)2CH2 (26 mg,  

0.11 mmol, 1.0 eq.) was added to the reaction mixture under ice bath cooling. The mixture was stirred 

for 5 h at 0 °C, then aqueous sodium hydroxide was added to the neutralize excess acid to pH = 7. The 

solution was reduced to dryness, and then the gummy residue was dissolved in water (10 mL) and 

extracted with ethyl acetate (3 × 10 mL). The aqueous layer was evaporated again, and dissolved in 

1‰ TFA aqueous solution (10 mL). After purification by HPLC and lyophilization, 21 (TFA salt)  

(50 mg, 53%) was generated as a white cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.43 (s, 2H), 

9.25 (d, J = 6.1 Hz, 2H), 8.96 (d, J = 8.1 Hz, 2H), 8.26 (dd, J = 7.6, 6.8 Hz, 2H), 6.71 (dd, J = 10.2,  

4.5 Hz, 2H), 5.51 (dt, J = 51.3, 4.5 Hz, 2H), 4.59 (dt, J = 17.5, 4.8 Hz, 2H), 4.41 (dd, J = 14.4, 9.5 Hz, 

4H), 4.34–4.26 (m, 2H), 2.50 (t, J = 20.4 Hz, 2H); 31P-NMR (162 MHz, D2O) δ 18.35; 19F-NMR (376 

MHz, D2O) δ −75.69, −198.97; HRMS (ESI-TOF+) calcd for C23H30F2N4O12P2 [(M+H)], 653.1220; 

found, 653.1224. 
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Bis(2′-deoxy-2′-fluoro-2′-methyl-β-nicotinamide)-methylenediphosphonate (Bis(2′-CH3-2′-F NMN)[CH2], 

22). Compound 22 was synthesized from 5 using the same procedure as for 21. Yield 55% as a white 

cotton-shaped solid. 1H-NMR (400 MHz, D2O) δ 9.35 (s, 2H), 9.13 (d, J = 5.7 Hz, 2H), 8.99 (d,  

J = 8.1 Hz, 2H), 8.26 (dd, J = 7.9, 6.5 Hz, 2H), 6.58 (d, J = 17.3 Hz, 2H), 4.72 (d, J = 9.0 Hz, 2H), 

4.52–4.38 (m, 4H), 4.25–4.17 (m, 2H), 2.42 (t, J = 20.4 Hz, 2H), 1.57 (d, J = 22.8 Hz, 6H); 31P-NMR 

(162 MHz, D2O) δ 18.59; 19F-NMR (376 MHz, D2O) δ −75.70, −173.53; HRMS (ESI-TOF+) calcd for 

C25H34F2N4O12P2 [(M+H)], 681.1533; found, 681.1517. 

3.3. Enzyme Activity Assay 

To study the inhibition of the NAD-glycohydrolase (NADase) activity of CD38 by the compounds, 

an enzymatic assay was performed [16]. Briefly, different concentrations of the compound were mixed 

with recombinant CD38 (0.3 ng) and bovine serum albumin (1 µg) in a 16 µL-reaction mixture, then 

incubated in the dark for 2 hours at room temperature. NAD was added to the mixture to a final 

concentration of 2.5 µM to start the reaction. Aliquots (4 µL) of the reaction mixtures were withdrawn 

at 0, 4, 8 and 12 min, and the reaction was stopped by adding 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 plate 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 cycling reaction was allowed to proceed 

for 10 min and the rate of fluorescence increase of resorufin (with excitation at 544 nm and emission at 

590 nm) was measured using the Infinite M200 fluorescence plate reader (TECAN, Grödig, Austria). 

The relative NAD content was measured from the slope of fluorescence increase and the 

NAD-glycohydrolase activity was calculated from the decrease of NAD content at 0, 4, 8 and 12 min 

after the reaction started. As a control, each compound was directly added to the cycling reaction 

system with corresponding concentration to evaluate the potential interference to the cycling assay 

itself. IC50 values of inhibitors were calculated by the GraphPad Prism 5 software (GraphPad Software, 

Inc., La Jolla, CA, USA). 

4. Conclusions 

NAD analogues with ribose, nucleobase, or pyrophosphate modifications were designed, prepared 

and their inhibitory activities against CD38 NADase were evaluated. SAR studies (Figure 3) revealed 

that three analogues (compounds 12, 13 and 19) with a modified purine ring showed higher activities 

than the others, while the analogues with the purine ring replaced by nicotinamide showed obviously 

decreased activities, suggesting that the purine ring is important for the activity but subtle substituent 

changes at C-2 and C-6 of the purine ring did not significantly affect the activity. The charge, length 

and flexibility of the pyrophosphate bridge are important for retaining inhibitory activity; the 

replacement by phosphorothioate or triphosphate reduces the activity. A single fluoro substituent at 

C-2′ of the furan ring is critical for activity, and 2′-disubstitution, such as the introduction of fluoro and 

methyl leads to weak activity. The findings of this study present some insights into the 

structure-activity relationship of NAD analogues, which should be helpful for the discovery of more 

active probes to investigate NAD-related biological effects. 



Molecules 2014, 19 15765 

 

Figure 3. Preliminary structure-activity relationship for NAD analogues. 

 

Acknowledgments 

This study was supported by the National Natural Sciences Foundation of China (91213302, 

81172917 and 31301156). 

Author Contributions 

Liangren Zhang, Shengjun Wang, Yong-Juan Zhao, Hon Cheung Lee and Lihe Zhang designed the 

research; Shengjun Wang, Wenjie Zhu, Xuan Wang, Jianguo Li and Kehui Zhang performed the 

experimental work; Shengjun Wang wrote the manuscript. All authors discussed, edited and approved 

the final version.  

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Belenky, P.; Bogan, K.L.; Brenner, C. NAD+ metabolism in health and disease. Trends Biochem. 

Sci. 2007, 32, 12–19. 

2. Lin, H.N. Nicotinamide adenine dinucleotide: Beyond a redox coenzyme. Org. Biomol. Chem. 

2007, 5, 2541–2554. 

3. Liu, Q.; Kriksunov, I.A.; Graeff, R.; Lee, H.C.; Hao, Q. Structural basis for formation and 

hydrolysis of the calcium messenger cyclic ADP-ribose by human CD38. J. Biol. Chem. 2007, 282, 

5853–5861. 

4. Imai, S.; Armstrong, C.M.; Kaeberlein, M.; Guarente, L. Transcriptional silencing and longevity 

protein Sir2 is an NAD-dependent histone deacetylase. Nature 2000, 403, 795–800. 

5. Wilkinson, A.; Day, J.; Bowater, R. Bacterial DNA ligases. Mol. Microbiol. 2001, 40, 1241–1248. 

http://biochem.uiowa.edu/brenner/documents/belenky07a.pdf


Molecules 2014, 19 15766 

 

6. Reinherz, E.L.; Kung, P.C.; Goldstein, G.; Levey, R.H.; Schlossman, S.F. Discrete stages of human 

intrathymic differentiation: analysis of normal thymocytes and leukemic lymphoblasts of T-cell 

lineage. Proc. Natl. Acad. Sci. USA 1980, 77, 1588–1592. 

7. Kato, I.; Yamamoto, Y.; Fujimura, M.; Noguchi, N.; Takasawa, S.; Okamoto, H. CD38 disruption 

impairs glucose-induced increases in cyclic ADP-ribose, [Ca2+]i and insulin secretion. J. Biol. Chem. 

1999, 274, 1869–1872. 

8. Partida-Sanchez, S.; Cockayne, D.; Monard, S.; Jacobson, E.L.; Oppenheimer, N.; Garvy, B.; 

Kusser, K.; Goodricj, S.; Howard, M.; Harmsen, A.; et al. Cyclic ADP-ribose production by CD38 

regulates intracellular calcium release, extracellular calcium influx and chemotaxis in neutrophils 

and is required for bacterial clearance in vivo. Nat. Med. 2001, 7, 1209–1216. 

9. Jin, D.; Liu, H.X.; Hirai, H.; Torashima, T.; Nagai, T.; Lopatina, O.; Shnayder, N.A.; Yamada, K.; 

Noda, M.; Seike, T.; et al. CD38 is critical for social behaviour by regulating oxytocin secretion. 

Nature 2007, 446, 41–45. 

10. Galione, A.; Lee, H.C.; Busa, W.B. Ca2+-induced Ca2+ release in sea urchin egg homogenates: 

Modulation by cyclic ADP-ribose. Science 1991, 253, 1143–1146. 

11. Churchill, G.C.; Okada, Y.; Thomas, J.M.; Genazzani, A.A.; Patel, S.; Galione, A. NAADP 

mobilizes Ca2+ from reserve granules, lysosome-related organelles, in sea urchin eggs. Cell 2002, 

111, 703–708. 

12. Sumoza-Toledo, A.; Penner, R. TRPM2: A multifunctional ion channel for calcium signalling.  

J. Physiol. 2011, 589, 1515–1525. 

13. Sauve, A.A.; Munshi, C.; Lee, H.C.; Schramm, V.L. The reaction mechanism for CD38.  

A single intermediate is responsible for cyclization, hydrolysis, and base-exchange chemistries. 

Biochemistry-USA 1998, 37, 13239–13249. 

14. Liu, Q.; Kriksunov, I.A.; Graeff, R.; Munshi, C.; Lee, H.C.; Hao, Q. Structural basis for the 

mechanistic understanding of human CD38-controlled multiple catalysis. J. Biol. Chem. 2006, 281, 

32861–32869. 

15. Liu, Q.; Kriksunov, I.A.; Jiang, H.; Graeff, R.; Lin, H.; Lee, H.C.; Hao, Q. Covalent and 

noncovalent intermediates of an NAD utilizing enzyme, human CD38. Chem. Biol. 2008, 15, 

1068–1078. 

16. Kwong, A.K.Y.; Chen, Z.; Zhang, H.M.; Leung, F.P.; Lam, C.M.C.; Ting, K.Y.; Zhang, L.R.; Hao, 

Q.; Zhang, L.H.; Lee, H.C. Catalysis-based inhibitors of the calcium signaling function of CD38. 

Biochemistry 2012, 51, 555–564. 

17. Zhou, Y.; Ting, K.Y.; Lam, C.M.C.; Kwong, A.K.Y.; Xia, J.; Jin, H.W.; Liu, Z.M.; Zhang, L.R.; 

Lee, H.C.; Zhang, L.H. Design, synthesis and biological evaluation of noncovalent inhibitors of 

human CD38 NADase. ChemMedChem 2012, 7, 223–228. 

18. Wu, D.Y.; Ting, K.Y.; Duan, Y.K.; Li, N.; Li, J.G.; Zhang, L.R.; Lee, H.C.; Zhang, L.H. Synthesis 

and activity of novel indole derivatives as inhibitors of CD38. Acta Pharm. Sin. B 2013, 3, 245–253. 

19. Berthelier, V.; Tixier, J.M.; Muller-Steffner, H.; Schuber, F.; Deterre, P. Human CD38 is an 

authentic NAD(P)+ glycohydrolase. Biochem. J. 1998, 330, 1383–1390. 

20. Sauve, A.A.; Deng, H.T.; Angeletti, R.H.; Schramm, V.L. A covalent intermediate in CD38 is 

responsible for ADP-ribosylation and cyclization reactions. J. Am. Chem. Soc. 2000, 122, 

7855–7859. 



Molecules 2014, 19 15767 

 

21. Shrimp, J.H.; Hu, J.; Dong, M.; Wang, B.S.; MacDonald, R.J.; Jiang, H.; Hao, Q.; Yen, A.;  

Lin, H. Revealing CD38 cellular localization using a cell permeable, mechanism-based fluorescent 

small molecule probe. J. Am. Chem. Soc. 2014, 136, 5656–5663. 

22. Gebeyehu, G.; Marquez, V.E.; Cott, A.V.; Cooney, D.A.; Kelley, J.A.; Jayaram, H.N.;  

Ahluwalia, G.S.; Dion, R.L.; Wilson, Y.A.; Johns, D.G. Ribavirin, tiazofurin, and selenazofurin: 

mononucleotides and nicotinamide adenine dinucleotide analogues. Synthesis, structure, and 

interactions with IMP dehydrogenase. J. Med. Chem. 1985, 28, 99–105. 

23. Chen, Z.; Kwong, A.K.Y.; Yang, Z.J.; Zhang, L.R.; Lee, H.C.; Zhang, L.H. Studies on the synthesis 

of nicotinamide nucleoside and nucleotide analogues and their inhibitions towards CD38 NADase. 

Heterocycles 2011, 83, 2837–2850. 

24. Kristinsson, H.; Nebel, K.; O’Sullivan, A.C.; Struber, F.; Winkler, T.; Yamaguchi, Y. A novel 

synthesis of sulfamoyl nucleosides. Tetrahedron 1994, 50, 6825–6838. 

25. Zhang, F.; Yamada, S.; Gu, Q.M.; Jing, P.; Sih, C.J. Synthesis and characterization of cyclic 

ATP-ribose: A potent mediator of calcium release. Bioorg. Med. Chem. Lett. 1996, 6, 1203–1208. 

26. Reddy, P.G.; Chun, B.K.; Zhang, H.R.; Rachakonda, S.; Ross, B.S.; Sofia, M.J. Stereoselective 

synthesis of PSI-352938: A β-D-2′-deoxy-2′-α-fluoro-2′-β-C-methyl-3′,5′-cyclic phosphate 

nucleotide prodrug for the treatment of HCV. J. Org. Chem. 2011, 76, 3782–2790. 

27. Moreau, C.; Kirchberger, T.; Swarbrick, J.M.; Bartlett, S.J.; Fliegert, R.; Yorgan, T.; Bauche, A.; 

Harneit, A.; Guse, A.H.; Potter, B.V.L. Structure-activity relationship of adenosine 

5′-diphosphoribose at the transient receptor potential melastatin 2 (TRPM2) channel: Rational 

design of antagonists. J. Med. Chem. 2013, 56, 10079–10102. 

Sample Availability: Samples of the compounds (compounds 7, 8, 10–13, 19–23) are available from 

the authors. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


