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Abstract 24 

Nucleoside triphosphate diphosphohydrolase1 (NTPDase1, CD39) inhibitors have potential as novel 25 

drugs for the (immuno)therapy of cancer. They increase the extracellular concentration of 26 

immunostimulatory ATP and reduce the formation of AMP, which can be further hydrolyzed by ecto-27 

5’-nucleotidase (CD73) to immunosuppressive, cancer-promoting adenosine. In the present study, we 28 

synthesized analogs and derivatives of the standard CD39 inhibitor ARL67156, a nucleotide analog 29 

which displays a competitive mechanism of inhibition. Structure-activity relationships were analyzed 30 

with respect to substituents in the N6- and C8-position of the adenine core, and modifications of the 31 

triphosph(on)ate chain at the human enzyme. Capillary electrophoresis coupled to laser-induced 32 

fluorescence detection employing a fluorescent-labeled ATP derivative was employed to determine the 33 

compounds’ potency. Selected inhibitors were additionally evaluated in an orthogonal, malachite green 34 

assay versus the natural substrate ATP. The most potent CD39 inhibitors of the present series were 35 

ARL67156 and its derivatives 31 and 33 with Ki values of around 1 µM. Selectivity studies showed 36 

that all three nucleotide analogs additionally blocked CD73 acting as dual-target inhibitors. Docking 37 

studies provided plausible binding modes to both targets. The present study provides a full 38 

characterization of the frequently applied CD39 inhibitor ARL67156, presents structure-activity 39 

relationships, and provides a basis for future optimization towards selective CD39 and dual 40 

CD39/CD73 inhibitors. 41 

 42 

1 Introduction 43 

Nucleoside triphosphate diphosphohydrolase1 (NTPDase1, CD39, EC 3.6.1.5) catalyzes the hydrolysis 44 

of extracellular nucleoside tri- and diphosphates producing the corresponding monophosphates 45 

(Zimmermann et al., 2012). CD39 is membrane-bound and often co-localized with ecto-5’-46 

nucleotidase (CD73), another ectonucleotidase that further hydrolyzes the nucleoside monophosphates 47 
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to the corresponding nucleosides (Flögel et al., 2012; Augusto et al., 2013; Bastid et al., 2015). The 48 

main substrate of CD39 is ATP which is cleaved via ADP to AMP, while AMP acts as the main 49 

substrate of CD73 which catalyzes its hydrolysis to adenosine (see Figure 1). 50 

Many tumor cells overexpress ectonucleotidases (De Marchi et al., 2019; Horenstein et al., 2019), 51 

which metabolize proinflammatory ATP to immunosuppressive, angiogenic, pro-metastatic, and tumor 52 

growth-promoting adenosine (Vitiello et al., 2012). Inhibition of CD39 could reduce the production of 53 

cancer-promoting adenosine, e.g. in the tumor microenvironment, and increase the concentration of 54 

immuno-stimulatory ATP. Due to its pathophysiological role, CD39 represents a promising potential 55 

drug target that requires, however, further validation. For this purpose, potent, selective and 56 

metabolically stable inhibitors need to be identified. Besides selective CD39 inhibitors, dual inhibition 57 

of CD39 and CD73 is of interest and may be synergistic since the substrate of CD73, extracellular 58 

AMP, may additionally be formed by alternative ectonucleotidases, such as nucleotide 59 

pyrophosphatase/phosphodiesterase1 (NPP1) (Lee et al., 2017a). 60 

Up to now, only moderately potent and/or non-selective CD39 inhibitors are available. These can be 61 

divided into (i) nucleotide derivatives and analogs, e.g. N6-diethyl-β,γ-dibromomethylene-ATP 62 

(ARL67156, I) and 8-butylthio-AMP (8-BuS-AMP, II), and (ii) non-nucleotides, including the 63 

sulfonate dyes, reactive blue 2 (RB-2) and related anthraquinone derivatives (e.g. III), 64 

polyoxometalates (e.g. PSB-POM-142, IV), and tryptamine-derived imines (e.g. V) (Crack et al., 1995; 65 

Müller et al., 2006; Lévesque et al., 2007; Baqi et al., 2009; Lecka et al., 2013; Lee et al., 2015; Kanwal 66 

et al., 2019). A selection of the most potent CD39 inhibitors described so far is depicted in Figure 2.  67 

The nucleotide-based competitive CD39 inhibitor N6,N6-diethyl-β,γ-dibromomethylene-ATP 68 

(ARL67156) was developed by Fisons Laboratories (now AstraZeneca, Loughborough, UK) as a probe 69 

to study ecto-nucleotidases and purinoceptors (Crack et al., 1995). The nucleotide analog was proposed 70 
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to be relatively stable towards hydrolysis by ectonucleotidases (CD39; NTPDase2,-3,-8; CD73; NPP1; 71 

NPP3) because the cleavage site is blocked by replacement of the β,γ-oxygen atom of the ATP 72 

triphosphate chain by a dibromomethylene moiety yielding a phosphonate linkage (Lévesque et al., 73 

2007). ARL67156 (I) was shown to competitively inhibit the mouse and human forms of CD39 74 

(Ki (human) 11 μM), NTPDase3 (Ki (human) 18 μM) and NPP1 (Ki (human) 12 μM), but was reported 75 

to have a weaker effect on NTPDase2, NTPDase8, NPP3 and CD73 (Lévesque et al., 2007). 76 

Furthermore, in contrast to other NTPDase inhibitors, ARL67156 had no significant effect on P2 77 

receptors due to di-substitution of the exocyclic amino group (Robson et al., 2006). ARL67156 is 78 

currently the only commercially available CD39 inhibitor, claimed to be metabolically stable and 79 

CD39-selective, and it is therefore frequently used for in vitro as well as in vivo studies despite its 80 

moderate potency (Mandapathil et al., 2010; Zhou et al., 2014; Li et al., 2015). Metabolic stability of 81 

ARL67156 has not been sufficiently studied to date, and structure-activity relationships (SARs) are 82 

largely unknown. 83 

In this study, we characterized the CD39 inhibitor ARL67156 (I) and used it as a lead structure for 84 

studying the SARs of ATP analogs and derivatives as inhibitors of CD39 and other ecto-nucleotidases. 85 

Derivatization in the N6- and 8- position of the adenine ring, as well as replacement of the di-86 

bromomethylene bridge were performed. Selectivity versus a broad range of ecto-nucleotidases and 87 

metabolic stability were determined for ARL67156 and selected potent inhibitors. Finally, we 88 

performed docking studies to facilitate future drug design efforts. 89 

2 Materials and Methods  90 

2.1 Syntheses 91 

2.1.1 Materials and Instruments 92 
All reagents were commercially obtained from various producers (Acros, Fluorochem, Merck, 93 

Carbosynth, Santa Cruz, Sigma Aldrich, and TCI) and used without further purification, unless 94 
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otherwise stated. Commercial solvents of reagent grade were used without additional purification or 95 

drying. 8-Bromoadenosine was synthesized according to a published procedure (Bhattarai et al., 2015). 96 

Reactions were monitored by thin layer chromatography (TLC) using Merck silica gel 60 F254 97 

aluminum sheets and dichloromethane (DCM)/methanol (9:1 or 3:1) as the mobile phase. The TLC 98 

plates were analyzed by ultraviolet (UV) light at a wavelength (λ) of 254 nm. Column chromatography 99 

was carried out with silica gel 0.040-0.060 mm, pore diameter ca. 6 nm. Anion exchange 100 

chromatography was performed on a fast protein liquid chromatography (FPLC) instrument (ÄKTA 101 

FPLC, from Amersham Biosciences) with a HiPrep Q Fast Flow sepharose column, 16 x 100mm (GE 102 

Healthcare Life Sciences). Elution of the nucleoside triphosphate analogs was achieved with a linear 103 

gradient (5-100%, 0:5 m aqueous ammonium bicarbonate buffer in water, 8 column volumes, flow 1 104 

ml/min). The neutral impurities (e.g. nucleosides) eluted first, followed by charged species (mono-, 105 

and finally triphosphate analogs). Semi-preparative high performance liquid chromatography (HPLC) 106 

was performed on a Knauer Smartline 1050 HPLC system equipped with a Eurospher-100 C18 column, 107 

250 x 20 mm, particle size 10 μm. The UV absorption was detected at 254 nm. Fractions were collected, 108 

and appropriate fractions were pooled, diluted with water, and lyophilized several times, using a 109 

CHRIST ALPHA 1-4 LSC freeze dryer, to remove the NH4HCO3 buffer, yielding the nucleotides as 110 

white powders. Mass spectra were recorded on an API 2000 mass spectrometer (Applied Biosystems, 111 

Darmstadt, Germany) with a turbo ion spray ion source coupled with an Agilent 1100 HPLC system 112 

(Agilent, Böblingen, Germany) using an EC50/2 Nucleodur C18 Gravity 3 μm column (Macherey-113 

Nagel, Düren, Germany), or on a micrOTOF-Q mass spectrometer (Bruker, Köln, Germany) with an 114 

ESI-source coupled with a HPLC Dionex Ultimate 3000 (Thermo Scientific, Braunschweig, Germany) 115 

using an EC50/2 Nucleodur C18 Gravity 3 μm column (Macherey-Nagel, Düren, Germany). All 116 

compounds containing Br atoms (14-16 and 24-38) showed the expected typical isotope distribution 117 

pattern (see Figure S6 and Figure S7). UV absorption was detected from 220 to 400 nm using a diode 118 

array detector (DAD). Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance 119 
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500 and Ascend 600 MHz spectrometers. DMSO-d6, CD3OD, or D2O were used as solvents. 31P-NMR 120 

spectra were recorded at 25°C, and phosphoric acid was used as an external standard. For spectra 121 

recorded in D2O, 3-(trimethylsilyl)propionic acid sodium salt-d4 was used as an external standard. 122 

When DMSO-d6 was used, spectra were recorded at 30°C. Shifts are given in ppm relative to the 123 

external standard (in 31P-NMR) or relative to the remaining protons of the deuterated solvent used as 124 

internal standard (1H, 13C-NMR). Coupling constants are given in Hertz (Hz). The designation used to 125 

assign the peaks in the spectra is as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet 126 

(m), broad (br). Melting points were determined on a Büchi 530 melting point apparatus and are 127 

uncorrected. 128 

2.1.2 Synthetic procedures 129 

General procedure for the synthesis of compounds 2-7 130 

To 6-chloro-9-(β-D-ribofuranosyl)purine (1, 0.5 g, 1.7 mmol, 1.0 eq) in absolute ethanol (15 ml) the 131 

appropriate alkylamine and Et3N (0.1 ml, 1.6 mmol, 0.9 eq) were added. The reaction mixture was 132 

refluxed for 6-36 h followed by evaporation of the solvent. Yields for intermediate products 3-6 were 133 

estimated to be above 70%; however exact yields were not determined because they were used without 134 

drying and desalting for the subsequent step; only a small amount was purified for analytical purposes. 135 

 136 

(2R,3R,4S,5R)-2-(6-(Diethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (2) 137 

The compound was synthesized using N,N-diethylamine (0.3 ml, 3.4 mmol, 2.0 eq) and purified by 138 

silica gel column chromatography (CH3OH/DCM 2:23) yielding a white powder (0.50 g, 100%). 1H-139 

NMR (500 MHz, DMSO-d6) δ 8.34 (s, 1H, NCH=N) 8.19 (s, 1H, NCH=N) 5.89 (d, 1H, J = 6.04 Hz, 140 

CHN) 5.39 (d, 1H, J = 6.19 Hz, CHOH) 5.33 (dd, 1H, J = 4.59, 7.02 Hz, CH2OH) 5.13 (d, 1H, J = 4.61 141 

Hz, CHOH) 4.58 (q 1H, J =6.04 Hz, CHOH) 4.14 (td, 1H, J =3.36, 4.82 Hz, CHOH) 4.03 (br s, 4H, 142 

N(CH2CH3)2) 3.95 (q, 1H, J = 3.54 Hz, CHCH2) 3.66-3.54 (d m, 2H, CHCH2) 1.19 (t, 6H, J = 6.95 Hz, 143 

N(CH2CH3)2). 13C-NMR (125 MHz, DMSO-d6) δ 153.27, 151.95, 150.06, 138.96, 119.47,87.94, 144 

85.91, 73.57, 70.70, 61.73, 42.56, 13.48. LC/ESI-MS (m/z): positive mode 324.1 [M+H]+. Purity 145 

determined by HPLC-UV (254 nm)-ESI-MS: 99.2%. mp: 180°C. 146 
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(2R,3R,4S,5R)-2-(6-(Dimethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (3) 147 

The compound was synthesized using N,.N-dimethylamine (0.1 ml, 1.75 mmol, 1.0 eq) and purified 148 

by silica gel column chromatography (CH3OH/DCM 1:49) yielding a white powder (0.52 g). 1H-NMR 149 

(500 MHz, DMSO-d6) δ 8.35 (s, 1H, N=CHN) 8.20 (s, 1H, N=CHN) 5.90 (d, 1H, J = 5.97 Hz, CHN) 150 

5.39 (d, 1H, J = 6.17 Hz, CHOH) 5.32 (dd, 1H, J = 4.62, 6.95 Hz, CH2OH) 5.13 (d, 1H, J = 4.78 Hz, 151 

CHOH) 4.56 (q, 1H, J = 5.99 Hz, CHOH) 4.14 (m, 1H, CHCH2) 3.95 (q, 1H, J = 3.55 Hz, CHOH) 152 

3.66-3.55 (d m, 2H, CHCH2) 3.45 (br s, 6H, N(CH3)2). 13C-NMR (125 MHz, DMSO-d6) δ 154.46, 153 

151.82, 150.05, 138.69, 119.94, 87.94, 85.88, 73.64, 70.65, 61.68, 11.57. LC/ESI-MS (m/z): positive 154 

mode 296.0 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESIMS: 98%. mp: 186°C (lit. 184°C) 155 

(Čechová et al., 2011). 156 

(2R,3R,4S,5R)-2-(6-(Ethyl(methyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol 157 

(4) 158 

The compound was synthesized using N-ethylmethylamine (0.2 ml, 1.75 mmol, 1.0 eq) yielding a white 159 

powder (0.93 g). 1H-NMR (500 MHz, DMSO-d6) δ 8.35 (s, 1H, N=CHN) 8.20 (s, 1H, N=CHN) 5.90 160 

(d, 1H, J = 6.00 Hz, CHN) 5.39 (d, 1H, J = 6.19 Hz, CHOH) 5.32 (dd, 1H, J = 4.61, 6.96 Hz, CH2OH) 161 

5.13 (d, 1H, J = 4.76 Hz, CHOH) 4.57 (q, 1H, J =5.99 Hz, CHOH) 4.14 (m, 1H, CHCH2) 4.04 (br s, 162 

2H, NCH2) 3.95 (q, 1H, J = 3.51 Hz, CHOH) 3.66-3.54 (d m, 2H, CHCH2) 3.39 (br s, 3H, NCH3) 1.17 163 

(t, 3H, J = 7.00 Hz, CH3). 13C-NMR (125 MHz, DMSO-d6) δ 153.82, 151.89, 150.02, 138.82, 119.69, 164 

87.91, 85.88, 73.59, 70.66, 61.69, 44.78, 35.47, 12.56. LC/ESI-MS (m/z): positive mode 310.0 165 

[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 98.0%. mp: 101°C. 166 

(2R,3S,4R,5R)-2-(Hydroxymethyl)-5-(6-(methyl(propyl)amino)-9H-purin-9-yl)tetrahydrofuran-3,4-167 

diol (5) 168 

The compound was synthesized using N-methylpropylamine (0.18 ml, 1.75 mmol, 1.0 eq) and purified 169 

by silica gel column chromatography (CH3OH/DCM 1:9) yielding a white powder (0.66 g). 1H-NMR 170 

(500 MHz, DMSO-d6) δ 8.35 (s, 1H, N=CHN) 8.19 (s, 1H, N=CHN) 5.89 (d, 1H, J = 5.97 Hz, CHN) 171 

5.41 (d, 1H, J = 6.16 Hz, CHOH) 5.33 (m, 1H, CH2OH) 5.14 (d, 1H, J = 4.64 Hz, CHOH) 4.57 (q, 1H, 172 

J = 5.76 Hz, CHOH) 4.14 (d, 1H, J =3.62 Hz, CHOH) 3.95 (d, 1H, J = 3.13 Hz, CHCH2) 3.66-3.54 (d 173 

m, 2H, CHCH2) 3.16 (br s, 2H, NCH2) [bulb underneath previous peaks: NCH3)] 1.64 (q, 2H, J = 7.30 174 

Hz, CH2) 0.87 (t, 3H, J = 7.34 Hz, CH3). 13C-NMR (125 MHz, DMSO-d6) δ 154.16, 151.88, 150.10, 175 

138.79, 119.71, 87.92, 85.92, 73.62, 70.71, 61.74, 51.32, 48.75, 21.58, 11.06. LC/ESI-MS (m/z): 176 

positive mode 324.1 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 97.7%. mp: 178°C. 177 
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(2R,3R,4S,5R)-2-(6-(Dipropylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (6) 178 

The compound was synthesized using N,N-dipropylamine (0.25 ml, 1.75 mmol, 1.0 eq) and purified 179 

by silica gel column chromatography (CH3OH/DCM 1:19) yielding a white powder (0.65 g). 1H-NMR 180 

(500 MHz, DMSO-d6) δ 8.35 (s, 1H, N=CHN) 8.18 (br s, 1H, N=CHN) 5.89 (d, 1H, J = 6.05 Hz, CHN) 181 

5.40 (d, 1H, J = 5.91 Hz, CHOH) 5.33 (dd, 1H, J = 4.63, 6.97 Hz, CH2OH) 5.14 (d, 1H, J = 4.60 Hz, 182 

CHOH) 4.58 (q, 1H, J = 5.66 Hz, CHOH) 4.13 (q, 1H, J = 4.53 Hz, CHOH) 4.06 (m, 4H, N(CH2)2) 183 

3.95 (q, 1H, J = 3.50 Hz, CHCH2) 3.65-3.54 (d m, 2H, CHCH2) 1.64 (m, 4H, (CH2)2) 0.89 (t, 6H, J = 184 

7.37 Hz, (CH3)2). 13C-NMR (125 MHz, DMSO-d6) δ 153.80, 151.88, 150.10, 138.89, 119.50, 87.92, 185 

85.92, 73.56, 70.73, 61.92, 56.17, 48.74, 18.70, 11.18. LC/ESI-MS (m/z): positive mode 352.1 186 

[M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 98.3%. mp: 145°C. 187 

(2R,3R,4S,5R)-2-(6-(Ethyl(propyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol 188 

(7) 189 

The compound was synthesized using N-ethylpropylamine (0.2 ml, 1.75 mmol, 1.0 eq) and purified by 190 

silica gel column chromatography (CH3OH/DCM 1:9) yielding a white powder (0.38 g, 65%). 1H-191 

NMR (500 MHz, CD3OD) δ 8.15 (d, 2H, J = 2.01 Hz, 2x N=CHN) 5.93 (d, 1H, J = 6.55 Hz, CHN) 192 

4.74 (dd, 1H, J = 5.15, 6.48 Hz, CHOH) 4.30 (dd, 1H, J = 2.45, 5.09 Hz, CHCH2) 4.16 (q, 1H, J =2.40 193 

Hz, CHOH) 3.88-3.72 (d m, 2H, CHCH2) overlapping with 4.10-3.72 (br s, 4H, 2x NCH2) 1.73 (m, 194 

2H, CH2CH2CH3) 1.25 (t, 3H, J = 7.04 Hz, CH2CH3) 0.95 (t, 3H, J = 7.39 Hz, (CH2)2CH3). 13C-NMR 195 

(151 MHz, CD3OD) δ 155.40, 152.72, 150.70, 140.17, 121.60, 91.21, 88.17, 75.17, 72.77, 63.58, 196 

51.25, 44.72, 22.52, 13.90, 11.36. LC/ESI-MS (m/z): positive mode 310.0 [M+H]+. Purity determined 197 

by HPLC-UV (254 nm)-ESI-MS: 97.2%. mp: 160°C. 198 

(2R,3R,4S,5R)-2-(6-(benzylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (8) 199 

The compound was synthesized according to a published procedure (Shimazaki et al., 1987) and 200 

purified by silica gel column chromatography (CH3OH/DCM 1:9) yielding a white powder (3.45 g, 201 

96%). 1H-NMR (500 MHz, DMSO-d6) δ: 8.36 (s, 1H, H-8), 8.19 (s, 1H, H-2), 7.33 - 7.17 (m, 5H, 202 

Harom.), 5.88 (d, J = 6.1 Hz, 1H, H-1’), 5.39 (d, J = 6.2 Hz, 1H, OH-2’), 5.33 (dd, J = 7.1, 4.6 Hz, 1H, 203 

OH-5’), 5.13 (d, J = 4.7 Hz, 1H, OH-3’), 4.71 (s (br), 2H, N-CH2), 4.61 (dd, J = 11.3, 6.0 Hz, 1H, H-204 

2’), 4.14 (dd, J = 8.2, 4.8 Hz, 1H, H-3’), 3.96 (dd, J = 3.5 Hz, 1H, H-4’), 3.68 – 3.64 (m,  1H, H-5’a), 205 

3.57 – 3.52 (m, 1H, H-5’b), (1H, NH not visible). 13C-NMR (125 MHz, DMSO-d6) δ: 154.7 (C-6, 206 

Cquat.), 152.5 (C-2, CH), 148.6 (C-4, Cquat.), 140.1 (Carom., Cquat.), 140.0 (C-8, CH), 128.3 (2 x Carom., 207 
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CH), 127.2 (2 x Carom., CH), 126.7 (Carom., CH), 119.9 (C-5, Cquat.), 88.1 (C-1’, CH), 86.0 (C-4’, CH), 208 

73.6 (C-2’, CH), 70.8 (C-3’, CH), 61.8 (C-5’, CH2), 43.0 (Cbenzyl, CH2). LC-ESI-MS (m/z): positive 209 

mode 358 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 98%. mp: 178 - 180 °C. (Lit. 210 

184 – 186 °C)(Shimazaki et al., 1987) 211 

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-phenethylamino)-9H-purin-9-yl)tetrahydrofuran-212 

3,4-diol (9) 213 

The compound was synthesized according to a published procedure (Shimazaki et al., 1987) and 214 

purified by silica gel column chromatography (CH3OH/DCM 1:9) yielding a white powder (3.21 g, 215 

86%). 1H-NMR (500 MHz, DMSO-d6) δ: 8.33 (s, 1H, H-8), 8.23 (s, 1H, H-2), 7.87 (s (br), 1H, NH), 216 

7.29 – 7.16 (m, 5H, Harom.), 5.88 (d, J = 6.1 Hz, 1H, H-1’), 5.40 (d, J = 6.2 Hz, 1H, OH-2’), 5.36 (dd, 217 

J = 7.2, 4.5 Hz, 1H, OH-5’), 5.14 (d, J = 4.6 Hz, 1H, OH-3’), 4.61 (dd, J = 6.2, 4.9 Hz, 1H, H-2’), 4.15 218 

(dd, J = 4.8, 3.0 Hz, 1H, H-3’), 3.96 (dd, J = 3.5 Hz, 1H, H-4’), 3.71 (s (br), 2H, N-CH2), 3.69 – 3.65 219 

(m, 1H, H-5’a), 3.57 – 3.53 (m, 1H, H-5’b), 2.92 (t, J = 9.0 Hz, 2H, CH2-Ph). 13C-NMR (125 MHz, 220 

DMSO-d6) δ: 154.7 (C-6, Cquat.), 152.5 (C-2, CH), 148.5 (C-4, Cquat.), 139.9 (C-8, CH), 139.6 (Carom., 221 

Cquat.), 128.8 (2 x Carom., CH), 128.4 (2 x Carom., CH), 126.2 (Carom., CH), 119.9 (C-5, Cquat.), 88.1 (C-222 

1’, CH), 86.0 (C-4’, CH), 73.6 (C-2’, CH), 70.8 (C-3’, CH), 61.8 (C-5’, CH2), 41.4 (N-CH2), 35.1 223 

(CH2-Ph). LC-ESI-MS (m/z): positive mode 372 [M+H]+. Purity determined by HPLC-UV (254 nm)-224 

ESI-MS: 96%. mp: 183-185 °C. (Lit. 166 – 168 °C) (Shimazaki et al., 1987) 225 

Synthesis of (2R,3R,4S,5R)-2-(6-aAmino-8-(butylthio)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydro-226 

furan-3,4-diol (12) 227 

To a solution of 8-bromoadenosine (10, 0.5 g, 1.44 mmol, 1.0 eq) in absolute ethanol, thiourea (0.2 g, 228 

2.63 mmol, 1.8 eq) was added. After 7 h of refluxing the solution was allowed to cool down and the 229 

resulting precipitate was filtered off. The remaining filtrate was evaporated yielding a yellow oil that 230 

was resuspended in a mixture of H2O/EtOH 1:1. The solution was adjusted to basic pH with 2 M 231 

NaOH. Butyliodide (0.5 mL, 4.32 mmol, 3.0 eq) was added and the reaction was stirred at rt for 2h. 232 

After extraction with ethylacetate (3 x 100 mL), the organic phase was evaporated. Purification by 233 

column chromatography (8% MeOH in DCM) afforded the product as a white solid (0.39 g, 76 %) 1H-234 

NMR (500 MHz, DMSO-d6) δ 8.04 (s, 1H, NCH=N) 7.23 (s, 2H, NH2) 5.77 (d, 1H, J = 7.21 Hz, CHN) 235 

5.59 (dd, 1H, J = 3.47, 8.81 Hz, CHOH) 5.36 (d, 1H, J = 6.14 Hz, CHOH) 5.14 (d, 1H, J = 4.54 Hz, 236 

CH2OH) 4.98 (dd, 1H, J = 6.14, 11.88 Hz, CHCH2) 4.16 (m, 1H, CHOH) 3.96 (m, 1H, CHOH) 3.68-237 

3.50 (d m, 2H, CHCH2) 3.32-3.27 (d m, 2H overlapping with H2O peak, SCH2) 1.68 (m, 2H, CH2) 1.41 238 
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(m, 2H, CH2) 0.90 (t, 3H, J = 7.27 Hz, CH2CH3). 13C-NMR (126 MHz, DMSO-d6) δ 184.05, 154.67, 239 

151.39, 150.56, 148.83, 119.74, 89.01, 86.72, 71.40, 71.12, 62.36, 32.22, 31.03, 21.32, 13.56. LC/ESI-240 

MS (m/z): positive mode 356.2 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 99.0%. 241 

mp: 105°C (lit. 171.5°C) (Halbfinger et al., 1999). 242 

Synthesis of (2R,3S,4R,5R)-2-(hHydroxymethyl)-5-(6-(methylamino)-9H-purin-9-yl)tetrahydrofuran-243 

3,4-diol (13) 244 

To 6-chloro-9-(β-D-ribofuranosyl)purine (1, 2.0 g, 7.0 mmol) in absolute ethanol (40 mL), 33 wt % 245 

methylamine in absolute ethanol (0.9 mL, 21 mmol, 3 eq) and Et3N (2  mL, 14 mmol, 2 eq) were added. 246 

After 4 h of refluxing, the solvent was evaporated. Column chromatography (CH3OH/DCM 1:9) 247 

yielded the product as a white powder (2.0 g, 100 %).  1H-NMR (500 MHz, DMSO-d6) δ 8.32 (s, 1H, 248 

NCH=N) 8.21 (br s, 1H, NCH=N) 7.77 (br s, 1H, NHCH3) 5.87 (d, 1H, J =6.17 Hz, CHN) 5.40 (br s, 249 

1H, CHOH) 5.14 (br s, 1H, CHOH) 4.59 (t, 1H, J =5.33 Hz, CHOH) 4.14 (dd, 1H, J =3.21, 4.75 Hz, 250 

CHOH) 3.95 (q, 1H, J =3.51 Hz, CHCH2) 3.66-3.54 (d m, 2H, CHCH2) 3.05 (m, 3H, NHCH3). 13C-251 

NMR (125 MHz, DMSO-d6) δ 156.52, 152.46, 148.22, 139.74, 119.98, 88.05, 86.02, 73.65, 70.77, 252 

61.79, 24.44. LC/ESI-MS (m/z): positive mode 282.3 [M+H]+. Purity determined by HPLC-UV (254 253 

nm)-ESI-MS: 99.3%. mp: 132°C (lit. 130-132°C) (Čechová et al., 2011). 254 

General procedure for the synthesis of 14-16 255 

To a solution of N6-substituted adenosine (2, 3, or 13, 1.0 eq) in 0.1 M sodium acetate buffer pH 4.0 256 

(15 ml) bromine (5.0 eq) was added. The reaction was stirred at rt overnight and monitored by TLC. 257 

The solution was decolorized by the addition of a 40% solution of NaHSO3, and the pH of the solution 258 

was then adjusted to 7 with concentrated 4-N aq. NaOH. The precipitate was filtered off and washed 259 

with water.  260 

(2R,3R,4S,5R)-2-(8-Bromo-6-(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-261 

diol (14) 262 

The compound was synthesized starting from 13 (1.96 g, 7.0 mmol, 1.0 eq) and afforded a white solid 263 

(0.60 g, 25%). 1H-NMR (500 MHz, DMSO-d6) δ 8.20 (s, 1H, NCH=N) 8.02 (s, 1H, NH) 5.84 (d, 1H, 264 

J =7.08 Hz, CHN) 5.45 (q, 1H, J = 4.07 Hz, CHOH) 5.41 (d, 1H, J = 6.77 Hz, CHOH) 5.19 (d, 1H, J 265 

= 4.60 Hz, CH2OH) 5.07 (dd, 1H, J = 6.55, 11.33 Hz, CHCH2) 4.20 (m, 1H, CHOH) 3.97 (dd, 1H, J = 266 

4.07, 5.66 Hz, CHOH) 3.69-3.49 (d m, 2H, CHCH2) 2.94 (s, 3H, NHCH3). 13C-NMR (125 MHz, 267 

DMSO-d6) δ 154.12, 152.58, 149.04, 126.87, 120.40, 90.57, 86.84, 71.34, 70.99, 62.24, 27.10. LC/ESI-268 
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MS (m/z): positive mode 346.1 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 95.6%. 269 

mp: 228°C. 270 

(2R,3R,4S,5R)-2-(8-Bromo-6-(dimethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-271 

3,4-diol (15) 272 

The compound was synthesized starting from 3 (2.0 g, 7.0 mmol, 1.0 eq) and afforded a white solid 273 

(0.60 g, 21%). 1H-NMR (500 MHz, DMSO-d6) δ 8.18 (s, 1H, NCH=N) 5.84 (d, 1H, J = 6.47 Hz, CHN) 274 

5.41 (overlapping q and d, 2H, 2x CHOH) 5.19 (d, 1H, J = 4.68 Hz, CH2OH) 5.08 (dd, 1H, J = 6.48, 275 

11.80 Hz, CHCH2) 4.21 (m, 1H, CHOH) 3.97 (m, 1H, CHOH) 3.70-3.49 (d m, 2H, CHCH2) 3.41 (br 276 

s, 6H, N(CH3)2). 13C-NMR (125 MHz, DMSO-d6) δ 153.29, 151.72, 150.88, 126.06, 120.37, 90.68, 277 

86.80, 71.12, 70.96, 62.25, 56.16, 18.68. LC/ESI-MS (m/z): positive mode 374.2 [M+H]+. Purity 278 

determined by HPLC-UV (254 nm)-ESI-MS: 96.6%. mp: 152°C. 279 

(2R,3R,4S,5R)-2-(8-Bromo-6-(diethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-280 

diol (16) 281 

The compound was synthesized starting from 2 (1.919 g, 5.9 mmol, 1.0 eq) and afforded a white solid 282 

(0.52 g, 23%). 1H-NMR (500 MHz, DMSO-d6) δ 8.17 (s, 1H, N=CHN) 5.84 (d, 1H, J = 6.75 Hz, CHN) 283 

5.45 (dd, 1H, J = 3.87, 8.57 Hz, CHOH) 5.42 (d, 1H, J =5.89 Hz, CHOH) 5.20 (d, 1H, J = 4.40 Hz, 284 

CH2OH) 5.09 (q, 1H, J =5.92 Hz, CHCH2) 4.19 (td, 1H, J =2.45, 4.76 Hz, CHOH) 3.97 (td, 1H, J 285 

=2.97, 4.04 Hz, CHOH) 4.19-3.7 (br s, 4H, overlapping with previous peaks N(CH2CH3)2) 3.67-3.51 286 

(d m, 2H, CHCH2) 1.18 (t, 6H, J = 6.89 Hz, N(CH2CH3)2). 13C-NMR (125 MHz, DMSO-d6) δ 152.14, 287 

151.88, 150.94, 126.35, 119.92, 90.70, 86.85, 71.08, 62.29, 56.19, 42.87, 18.70, 13.65. LC/ESI-MS 288 

(m/z): positive mode 402.0 [M+H]+. Purity determined by HPLCU-V (254 nm)-ESI-MS: 97.6%. 289 

General procedure for the synthesis of compounds 17-20 290 

To the 8-bromo-N6-substituted adenosine derivatives 14-16 in absolute ethanol (15 ml) the 291 

corresponding alkylamine and Et3N (0.1 ml, 1.6 mmol, 0.9 eq) were added. The reaction mixture was 292 

refluxed for 6-36 h followed by evaporation of the solvent. 293 

(2R,3R,4S,5R)-2-(8-(Cyclopropylamino)-6-(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)-294 

tetrahydrofuran-3,4-diol (17) 295 

The compound was synthesized starting from 14 (0.5 g, 1.4 mmol, 1.0 eq), using cyclopropylamine 296 

(0.3 ml, 4.2 mmol, 3.0 eq). Purification by column chromatography (CH3OH/DCM 1:49) afforded the 297 

desired product as a yellow waxy residue (0.18 g, 37%). 1H-NMR (500 MHz, DMSO-d6) δ 7.98 (s, 298 
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1H, N=CHN) 7.05 (d, 1H, J = 2.63 Hz, NHCH3) 6.86 (q, 1H, J = 4.66 Hz, NHCH) 5.87 (d, 1H, J = 299 

7.29 Hz, CHN) 5.82 (dd, 1H, J = 4.35, 6.07 Hz, NHCH) 5.15 (d, 1H, J = 6.68 Hz, CHOH) 5.08 (d, 1H, 300 

J = 4.35 Hz, CHOH) 4.58 (q, 1H, J = 6.98, 12.55 Hz, CH2OH) 4.32 (t, 1H, J = 4.96 Hz, CHCH2) 4.09 301 

(m. 1H, CHOH) 3.94 (q, 1H, J =2.52 Hz, CHOH) 3.61 (m, 2H, CHCH2) 2.93 (d, 3H, J = 4.66 Hz, 302 

NHCH3) 0.66 (m, 2H, CH2) 0.45 (m, 2H, CH2). 13C-NMR (125 MHz, DMSO-d6) δ 152.26, 151.58, 303 

148.87, 137.05, 117.62, 86.49, 85.75, 71.03, 70.84, 61.75, 25.01, 18.67, 6.83, 6.19. LC-MS (m/z): 304 

positive mode 337.1 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 89.4 %. mp: 219°C. 305 

(2R,3R,4S,5R)-2-(8-(Butylamino)-6-(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetra-306 

hydrofuran-3,4-diol (18) 307 

The compound was synthesized starting from 14 (0.4 g, 1.1 mmol, 1.0 eq) using N-butylamine (0.3 ml, 308 

4.2 mmol, 3.0 eq). Purification by column chromatography (CH3OH/DCM 1:9) afforded the desired 309 

product as a slightly yellow solid (0.36 g, 93%). 1H-NMR (500 MHz, DMSO-d6) δ 7.95 (s, 1H, 310 

N=CHN) 6.83 (t, 1H, J = 5.51 Hz, NHCH2) 6.77 (q, 1H, J = 4.74 Hz, NHCH3) 5.89 (d, 1H, J = 7.69 311 

Hz, CHN) 5.84 (br s, 1H, CH2OH) 5.19 (br s, 1H, CHOH) 5.11 (br s, 1H, CHOH) 4.62 (br s, 1H, 312 

CHCH2) 4.11 (br s, 1H, CHOH) 3.95 (br d, 1H, J = 1.98 Hz, CHOH) 3.62 (br s, 2H, CHCH2) 3.36 (m 313 

overlapping with H2O, 2H, NHCH2) 2.92 (d, 3H, J = 4.78 Hz, NHCH3) 1.56 (m, 2H, CH2) 1.33 (m, 314 

2H, CH2) 0.89 (t, 3H, J = 7.38 Hz, CH2CH3). 13C-NMR (125 MHz, DMSO-d6) δ 152.01, 151.35, 315 

148.86, 148.59, 117.62, 86.45, 85.78, 71.09, 70.87, 61.79, 42.17, 31.00, 29.44, 27.44, 19.78, 13.19. 316 

LC/ESI-MS (m/z): positive mode 353.0 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 317 

91.4%. mp: 202°C. 318 

(2R,3R,4S,5R)-2-(8-(Butylamino)-6-(dimethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetra-319 

hydrofuran-3,4-diol (19) 320 

The compound was synthesized starting from 15 (0.5 g, 1.3 mmol, 1.0 eg) using butylamine (0.4 ml, 321 

4.3 mmol, 3.2 eq). Purification by column chromatography (CH3OH/DCM 1:24) afforded the desired 322 

product as a slightly yellow solid (0.16 g, 33%). 1H-NMR (500 MHz, CD3OD) δ 8.00 (s, 1H, NCH=N) 323 

6.04 (d, 1H, J =8.08 Hz, CHN) 4.76 (dd, 1H, J = 5.57, 7.43 Hz, CHCH2) 4.32 (dd, 1H, J = 1.80, 5.60 324 

Hz, CHOH) 4.16 (br d, 1H, J =1.80 Hz, CHOH) 3.88-3.81 (m, 2H, CHCH2) 3.47 (s, 6H, N(CH3)2) 2.97 325 

(t, 2H, J = 7.47 Hz, NHCH2) 1.71 (m, 2H, CH2) 1.46 (m, 2H, CH2) 1.02 (m, 3H, CH3). 13C-NMR (125 326 

MHz, CD3OD) δ 152.09, 150.65, 150.06, 147.41, 118.20, 87.05, 86.16, 71.42, 71.36, 61.69, 42.00, 327 

37.40, 31.16, 19.78, 12.79. LC-MS (m/z): positive mode 235.2, 366.9 [M+H]+. Purity determined by 328 

HPLC-UV (254 nm)-ESI-MS: 85.9 %. mp: 119°C 329 
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(2R,3R,4S,5R)-2-(6-(Diethylamino)-8-(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)tetra-330 

hydrofuran-3,4-diol (20) 331 

The compound was synthesized starting from 16 (0.52 g, 1.30 mmol, 1.0 eq) using methylamine (8 M, 332 

33% (w/w) in ethanol,  (0.06 ml, 1.31 mmol, 1.0 eq). Purification by column chromatography 333 

(CH3OH/DCM 2:23) afforded the desired product as a white powder (0.30 g, 67%). 1H-NMR (500 334 

MHz, DMSO-d6) δ 7.94 (d, 1H, J =0.97 Hz, N=CHN) 6.81 (q, 1H, J = 4.38 Hz, NHCH3) 5.87 (d, 1H, 335 

J = 7.23 Hz, CHN) 5.85 (m, 1H, CH2OH) 5.17 (d, 1H, J = 6.63 Hz, CHOH) 5.05 (m, 1H, CHOH) 4.65 336 

(q, 1H, J =6.71 Hz, CHCH2) 4.11 (br s, 1H, CHOH) 3.95 (d, 1H, J =1.96 Hz, CHOH) 3.87 (q, 4H, J 337 

=6.09 Hz, N(CH2)2) 3.62 (m, 2H, CHCH2) 3.08 (q, 3H, J = 7.26 Hz, NCH3) 1.16 (m, 6H, N(CH2CH3)2). 338 
13C-NMR (125 MHz, DMSO-d6) δ 151.00, 150.62, 150.51, 148.30, 117.27, 86.55, 85.77, 71.08, 70.81, 339 

61.78, 45.90, 42.07, 28.98,14.04, 8.74. LC/ESI-MS (m/z): positive mode 352.9 [M+H]+. Purity 340 

determined by HPLC-UV (254 nm)-ESI-MS: 98%. mp: 115°C. 341 

Synthesis of (2R,3R,4S,5R)-2-(8-(bButylthio)-6-(methylamino)-9H-purin-9-yl)-5-(hydroxymethyl)-342 

tetra-hydrofuran-3,4-diol (21) 343 

To a solution of 14 (0.5 g, 1.4 mmol, 1.0 eq) in absolute ethanol, thiourea (0.2 g, 2.49 mmol, 1.8 eq) 344 

was added. After 7 h of refluxing the solution was evaporated yielding a yellow oil that was 345 

resuspended in a mixture of H2O/EtOH 1:1. The solution was brought to basic pH with 2 M NaOH. 1-346 

Iodobutane (0.5 ml, 4.32 mmol, 3.0 eq) was added and the reaction was stirred at rt for 5 h. After 347 

extraction with ethyl acetate (3 x 100 mL), the organic phase was evaporated. Purification by column 348 

chromatography (CH3OH/DCM 1:24) afforded a white solid. (0.21 g, 42%). 1H-NMR (500 MHz, 349 

DMSO-d6) δ 8.13 (br s, 1H, NCH=N) 7.63 (br s, 1H, NHCH3) 5.77 (d, 1H, J = 6.89 Hz, CHN) 5.62 350 

(dd, 1H, J =3.61, 8.93 Hz, CH2OH) 5.37 (d, 1H, J =6.42 Hz, CHOH) 5.16 (d, 1H, J =4.29 Hz, CHOH) 351 

4.98 (q, 1H, J =6.50 Hz, CHCH2) 4.15 (m, 1H, CHOH) 3.96 (q, 1H, J =3.70 Hz, CHOH) 3.68-3.49 (d 352 

m, 2H, CHCH2) 3.26 (m, 2H, SCH2) 2.96 (br s, 3H, NHCH3) 1.67 (m, 2H, CH2) 1.40 (m, 2H, CH2) 353 

0.89 (t, 3H, J = 7.38 Hz, CH2CH3). 13C-NMR (125 MHz, DMSO-d6) δ 153.80, 151.47, 148.49, 128.29, 354 

127.32, 89.04, 86.79, 71.54, 71.17, 62.41, 32.27, 31.11, 27.17, 21.37, 13.59. LC/ESI-MS (m/z): 355 

positive mode 370.1 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 90.1%. mp: 144°C. 356 

Synthesis of (2R,3R,4S,5R)-2-(8-(bButylthio)-6-(diethylamino)-9H-purin-9-yl)-5-(hydroxymethyl)-357 

tetra-hydrofuran-3,4-diol (22) 358 

Compound 16 (0.74 g, 1.83 mmol, 1.0 eq) was suspended in absolute ethanol (5 ml) and the solution 359 

was basified with 2 M NaOH. Butanethiol (0.4 ml, 3.7 mmol, 2.0 eq) was added and the reaction 360 
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mixture was stirred at rt for 5 days. After evaporation, the crude product was subjected to silica gel 361 

chromatography. However, separation of starting material and product was not possible. Therefore, the 362 

mixture was purified by RP-HPLC (20-100% CH3OH in H2O in 15 min, 20 ml/min) yielding the 363 

desired product as a white powder (0.09 g, 12%). 1H-NMR (500 MHz, DMSO-d6) δ 8.10 (s, 1H, 364 

N=CHN) 5.72 (t, 1H, J =6.89 Hz, CHN) 5.60 (dd, 1H, J = 3.43, 8.71 Hz, CH2OH) 5.36 (d, 1H, J = 365 

5.22 Hz, CHOH) 5.16 (m, 1H, CHOH) 4.98 (d, 1H, J = 5.24 Hz, CHCH2) 4.15 (s, 1H, CHOH) 3.95 366 

(m, 1H, CHOH) 4.15-3.65 (large bulb, 4H, underneath other peaks, N(CH2)2) 3.65-3.51 (d m, 2H, 367 

CHCH2) 3.25 (m, 2H, SCH2) 1.72 (m, 2H, CH2) 1.40 (m, 2H, CH2) 1.19 (t, 6H, J = 6.69 Hz, 368 

N(CH2CH3)2) 0.89 (t, 3H, J = 7.39 Hz, S(CH2)3CH3). 13C-NMR (125 MHz, DMSO-d6) δ 151.78, 369 

151.54, 150.81, 147.96, 119.80, 88.99, 86.78, 71.31, 71.16, 62.44, 42.61, 31.88, 31.39, 21.56, 13.60 370 

(missing: N(CH2CH3)2). LC/ESI-MS (m/z): positive mode 412.0 [M+H]+. Purity determined by 371 

HPLC-UV (254 nm)-ESI-MS: 98.5%. mp: 147°C. 372 

Preparation of triethylammonium hydrogencarbonate (TEAC) buffer 373 

A 1 M solution of TEAC was prepared by adding dry ice slowly to a 1 M triethylamine solution in 374 

water for several hours until a pH of approximately 7.4−7.6 was indicated using a pH meter. 375 

General procedure for the synthesis of I and 24-38 376 

Lyophilized adenosine derivatives and proton sponge (1.5 eq) were dissolved in 5 ml of trimethyl 377 

phosphate under an argon atmosphere at room temperature. The mixture was cooled to 0°C, and 378 

phosphoryl chloride (0.1 ml, 1.3 mmol) was added dropwise. After 5 h of stirring at 0°C, tributylamine 379 

(4 eq) and 0.5 M tri-N-butylammonium dibromomethylenebisphosphonate solution in DMF (2.5 eq) 380 

were added to the mixture simultaneously. After 30 min, a cold 0.5 M aqueous TEAC solution (20 ml, 381 

pH 7.4 - 7.6) was added to the mixture and stirring was continued at room temperature for one hour. 382 

Trimethyl phosphate was extracted with tert.-butylmethylether (3 x 200 ml) and the aqueous solution 383 

was lyophilized. The crude nucleoside triphosphate analogs were purified by fast protein liquid 384 

chromatography (FPLC). After equilibration of the column with deionized water, the crude product 385 

was dissolved in deionized water and injected into the column. The column was first washed with 5% 386 

0.5 M NH4HCO3 buffer to remove unbound components. Elution started with a solvent gradient of 5-387 

80% 0.5 M NH4HCO3 buffer over 8 column volumes followed by an isocratic phase at 80% of 0.5 M 388 

NH4HCO3 buffer. Fractions were collected, and appropriate fractions were pooled and lyophilized 389 

several times. The monophosphate and the triphosphate analogs were each purified by preparative 390 
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HPLC (0%-30% acetonitrile in 50 mM NH4HCO3 buffer within 15 min, 20 ml/min). Fractions were 391 

collected and appropriate fractions pooled and lyophilized. 392 

(Dibromo((((((2R,3S,4R,5R)-5-(6-(diethylamino)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-393 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid (I) 394 

The compound was synthesized starting from 2 (0.32 g, 1.0 mmol, 1.0 eq) affording a white solid (0.03 395 

g, 4%). 1H-NMR (500 MHz, D2O) δ 8.43 (s, 1H, N=CHN) 8.14 (s, 1H, N=CHN) 6.11 (d, 1H, J = 5.83 396 

Hz, CHN) 4.76 (d, 1H, J = 5.53 Hz, CHOH) 4.63 (m, 1H, CHOH) 4.40 (m, 1H, CHCH2) 4.33 (m, 2H, 397 

CHCH2) 3.85 (br s, 4H, N(CH2CH3)2) 1.24 (t, 6H, J = 7.07 Hz, N(CH3)2). 13C-NMR (125 MHz, D2O) 398 

δ 156.09, 155.13, 152.30, 140.63, 121.34, 89.38, 86.70, 77.05, 73.12, 68.09, 57.61, 46.64, 15.47. 31P-399 

NMR (202 MHz, D2O) δ 7.61 (d, 1P, J =13.94 Hz, Pγ) 0.40 (dd, 1P, J = 13.66, 29.09 Hz, Pβ) -10.61 400 

(d, 1P, J = 29.33 Hz, Pα). LC/ESI-MS (m/z): positive mode 719.9052 [M+H]+ (calcd. 719.9054), and 401 

negative mode 717.8904 [M-H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 97.5%. mp: 402 

127°C. 403 

(Dibromo((((((2R,3S,4R,5R)-5-(6-(dimethylamino)-9H-purin-9-yl)-3,4-dihydroxytetrahydro-furan-2-404 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid (24) 405 

The compound was synthesized starting from 3 (0.29 g, 1.0 mmol, 1.0 eq) affording a white solid (0.01 406 

g, 1%). 1H-NMR (500 MHz, D2O) δ 8.45 (s, 1H, N=CHN) 8.17 (s, 1H, N=CHN) 6.12 (d, 1H, J = 5.92 407 

Hz, CHN) 4.78 (m, 1H overlapping with H2O, CHCH2) 4.61 (dd, 1H, J = 3.60, 4.99 Hz, CHOH) 4.41 408 

(m, 1H, CHOH) 4.31 (m, 2H, CHCH2) 3.42 (br s, 6H, N(CH3)2). 13C-NMR (125 MHz, D2O) δ 156.66, 409 

154.25, 152.05, 140.97, 121.92, 89.56, 86.89, 77.12, 73.26, 68.16, 51.04, 48.52, 41.92. 31P-NMR (202 410 

MHz, D2O) δ 7.48 (d, 1P, J = 14.23 Hz, Pγ) -0.73 (dd, 1P, J = 14.24, 27.90 Hz, Pβ) -10.65 (d, 1P, J = 411 

28.38 Hz, Pα). LC/ESI-MS (m/z): positive mode 691.8745 [M+H]+ (calcd. 691.8742), and negative 412 

mode 689.8587 [M-H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 99.7%. mp: 184°C. 413 

(Dibromo((((((2R,3S,4R,5R)-5-(6-(ethyl(methyl)amino)-9H-purin-9-yl)-3,4-dihydroxytetra-414 

hydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid 415 

(25) 416 

The compound was synthesized starting from 4 (0.3 g, 1.0 mmol, 1.0 eq) affording a white solid (0.08 417 

g, 12%). 1H-NMR (500 MHz, D2O) δ 8.41 (s, 1H, N=CHN) 8.11 (s, 1H, N=CHN) 6.10 (d, 1H, J = 418 

5.79 Hz, CHN) 4.76 (t, 1H, J = 4.99 Hz, CHOH) 4.61 (t, 1H, J = 3.49 Hz, CHOH) 4.40 (br s, 1H, 419 

CHCH2) 4.31 (m, 2H, CHCH2) 3.88 (br s, 2H, NCH2) 3.30 (br s, 3H, NCH3) 1.20 (t, 3H, J = 7.10 Hz, 420 
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NCH2CH3). 13C-NMR (125 MHz, D2O) δ 156.57, 155.00, 152.16, 140.60, 121.57, 89.49, 86.73, 77.08, 421 

73.13, 68.11, 59.78, 48.81, 39.25, 14.75. 31P-NMR (202 MHz, D2O) δ 7.58 (d, 1P, J = 14.50 Hz, Pγ) 422 

0.22 (q, 1P, J = 14.29, 29.14 Hz, Pβ) -10.62 (d, 1P, J = 29.27 Hz, Pα). LC/ESI-MS (m/z): positive mode 423 

705.8896 [M+H]+ (calcd. 705.8898), and negative mode 703.8737 [M-H]-. Purity determined by 424 

HPLC-UV (254 nm)-ESI-MS: 100%. mp: 199°C. 425 

(Dibromo((((((2R,3S,4R,5R)-3,4-dihydroxy-5-(6-(methyl(propyl)amino)-9H-purin-9-yl)tetra-426 

hydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid 427 

(26) 428 

The compound was synthesized starting from 5 (0.32 g, 1.0 mmol, 1.0 eq) affording a white solid (0.06 429 

g, 9%). 1H-NMR (500 MHz, D2O) δ 8.43 (s, 1H, N=CHN) 8.15 (s, 1H, N=CHN) 6.12 (d, 1H, J = 5.96 430 

Hz, CHN) 4.77 (d, 1H, J = 5.58 Hz, CHOH) 4.63 (t, 1H, J =4.23 Hz, CHOH) 4.41 (br s, 1H, CHCH2) 431 

4.36-4.24 (d m, 2H, CHCH2) 3.90 (br s, 2H, NCH2) 3.55 (br s, 3H, NCH3) 1.69 (m, 2H, NCH2CH2) 432 

0.89 (t, 3H, J = 7.40 Hz, CH2CH3). 13C-NMR (125 MHz, D2O) δ 157.07, 155.07, 152.33, 140.55, 433 

121.69, 89.60, 86.82, 77.06, 73.22, 68.19, 58.70, 55.17, 39.98, 23.18, 12.99. 31PNMR (202 MHz, D2O) 434 

δ 7.56 (d, 1P, J = 13.84 Hz, Pγ) -0.23 (dd, 1P, J = 14.43, 29.03 Hz, Pβ) -10.62 (d, 1P, J = 28.61 Hz, Pα). 435 

LC/ESI-MS (m/z): positive mode 719.905047 [M+H]+ (calcd. 719.9055), and negative mode 717.8896 436 

[M-H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 95.6%. mp: 101°C. 437 

(Dibromo((((((2R,3S,4R,5R)-5-(6-(dipropylamino)-9H-purin-9-yl)-3,4-dihydroxytetrahydro-furan-2-438 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid (27) 439 

The compound was synthesized starting from 6 (0.35 g, 1.0 mmol, 1.0 eq) affording a white solid (0.06 440 

g, 8%). 1H-NMR (500 MHz, D2O) δ 8.43 (s, 1H, N=CHN) 8.15 (s, 1H, N=CHN) 6.12 (d, 1H, J = 5.88 441 

Hz, CHN) 4.76 (d, 1H, J = 5.53 Hz, CHOH) 4.64 (m, 1H, CHOH) 4.40 (m, 1H, CHCH2) 4.36-4.26 ( d 442 

m, 2H, CHCH2) 3.81 (br s, 4H, N(CH2CH2CH3)2) 1.68 (m, 4H, N(CH2CH2CH3)2) 0.91 (t, 6H, J = 7.40 443 

Hz, N(CH2CH2CH3)2). 13C-NMR (125 MHz, D2O) δ 156.76, 155.12, 152.44, 140.49, 121.54, 89.36, 444 

86.77, 77.06, 73.10, 68.12, 53.51, 50.89, 23.47, 13.12. 31P-NMR (202 MHz, D2O) δ 7.64 (d, 1P, J = 445 

13.87 Hz, Pγ) 0.78 (q, 1P, J = 13.82, 29.45 Hz, Pβ) -10.59 (d, 1P, J = 29.59 Hz, Pα). LC/ESI-MS (m/z): 446 

positive mode 747.9349 [M+H]+ (calcd. 747.9368), and negative mode 745.9222 [M-H]-. Purity 447 

determined by HPLC-UV(254 nm)-ESI-MS: 97%. mp: 189°C. 448 
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(Dibromo((((((2R,3S,4R,5R)-5-(6-(ethyl(propyl)amino)-9H-purin-9-yl)-3,4-dihydroxytetra-449 

hydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid 450 

(28) 451 

The compound was synthesized starting from 7 (0.33 g, 1.0 mmol, 1.0 eq) affording a white solid (0.05 452 

g, 6%). 1H-NMR (500 MHz, D2O) δ 8.42 (s, 1H, N=CHN) 8.14 (s, 1H, N=CHN) 6.10 (d, 1H, J = 5.70 453 

Hz, CHN) 4.75 (t, 1H, J = 5.41 Hz, CHOH) 4.63 (m, 1H, CHOH) 4.39 (s, 1H, CHCH2) 4.33 (m, 2H, 454 

CHCH2) 3.78 (br d, 4H, J = 56.7 Hz, N(CH2)2) 1.68 (m, 2H, NCH2CH2CH3) 1.20 (t, 3H, J = 7.05 Hz, 455 

CH3) 0.91 (t, 3 H, J =7.39 Hz, CH3). 13C-NMR (125 MHz, D2O) δ 156.41, 155.11, 152.37, 140.54, 456 

121.41, 89.36, 86.32, 77.05, 73.16, 68.13, 61.65, 53.08, 47.05, 23.53, 15.39, 13.13. 31P-NMR (202 457 

MHz, D2O) δ 7.68 (d, 1P, J = 7.68 Hz, Pγ) 1.10 (dd, 1P, J = 13.61, 29.77 Hz, Pβ) -10.59 (d, 1P, J = 458 

29.75 Hz, Pα). LC/ESI-MS (m/z): positive mode 734.1371 [M+H]+ (calcd. 734.1373), and negative 459 

mode 731.9086 [M-H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 97.1%. mp: 128°C. 460 

(((((((2R,3S,4R,5R)-5-(6-(benzylamino)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-461 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)phosphonic acid (29) 462 

The compound was synthesized starting from (8) (0.36 g, 1.0 mmol, 1.0 eq) affording a white solid 463 

(0.001 g, recovered from NMR). 1H-NMR (600 MHz, D2O) δ: 8.52 (s, 1H, H-8), 8.24 (s, 1H, H-2), 464 

7.44 - 7.33 (m, 5H, Harom.), 6.15 (d, J = 6.6 Hz, 1H, H-1’), 4.84 (s (br), 2H, N-CH2), 4.81 (t, J = 5.4 Hz, 465 

1H, H-2’), 4.63 (dd, J = 5.4, 3.6 Hz, 1H, H-3’), 4.42 (m, 1H, H-4’), 4.36 – 4.32 (m,  1H, H-5’a), 4.28 466 

– 4.24 (m, 1H, H-5’b), (OHs and NH are not visible). 13C-NMR (125 MHz, D2O) δ: 157.5 (C-6, Cquat.), 467 

155.7 (C-2, CH), 142.3 (C-8, CH), 141.3 (C-4, Cquat.), 131.6 (2 x Carom., CH), 130.2 (Carom., CH), 129.7 468 

(2 x Carom., CH), 124.7 (Carom., Cquat.), 121.8 (C-5, Cquat.), 117.8 (Br-C-Br), 89.5 (C-1’, CH), 87.0 (C-4’, 469 

CH), 77.2 (C-2’, CH), 73.3 (C-3’, CH), 68.2 (C-5’, CH2), 46.8 (Cbenzyl, CH2). 31P-NMR (243 MHz, 470 

D2O) δ: 7.67 (d, J = 14.34 Hz, 1P, Pγ), -0.45 (dd, J = 14.34, 28.43 Hz, 1P, Pβ), -10.52 (d, J = 28.43 Hz, 471 

1P, Pα). LC-ESI-MS (m/z): positive mode 753.7 [M+H]+. Purity determined by HPLC-UV (254 nm)-472 

ESI-MS: 99.9%.  473 

(Dibromo((((((2R,3S,4R,5R)-3,4-dihydroxy-5-(6-(phenethylamino)-9H-purin-9-yl)tetrahydrofuran-2-474 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)phosphonic acid (30) 475 

The compound was synthesized starting from (9) (0.37 g, 1.0 mmol, 1.0 eq) affording a white solid 476 

(0.018 g, 4.8 %). 1H NMR (600 MHz, D2O) δ 8.51 (s, 1H, C8-H), 8.22 (s, 1H, C2-H), 7.28 (s, 5H, 477 

aryl), 7.21 (s, 1H, NH), 6.09 (d, J = 5.7 Hz, 1H, C1ʹ-H), 4.59 (t, J = 4.1 Hz, 1H, C3ʹ-H), 4.41 (t, 1H, 478 

C4ʹ-H), 4.35 – 4.28 (m, 2H, C5ʹ-H), 3.87 (s, 2H, CH2), 3.01 (s, 2H, CH2), 13C NMR (151 MHz, D2O) 479 

Provisional



  Nucleotide inhibitors of CD39 

18 
 

δ 143.24 (1C, Cq-aryl), 131.95 (2C, CH-aryl), 131.41 (1C, CH-aryl), 129.48 (1C, CH-aryl), 90.06 (1C, 480 

C1ʹ), 86.95 (1C, C2ʹ), 77.35 (1C, C3ʹ), 73.18 (1C, C4ʹ), 68.08 (1C, C5ʹ). 31P NMR (243 MHz, D2O) δ 481 

7.59 (d, J = 14.7 Hz, Pγ), -0.60 (dd, J = 28.7, 14.8 Hz, Pβ), -10.50 (d, J = 28.2 Hz, Pα). LC-ESI-MS 482 

(m/z): positive mode 766.9 [M+H]+. Purity determined by HPLC-UV (254 nm)-ESI-MS: 99.9 %. 483 

(((((((2R,3S,4R,5R)-5-(6-Amino-8-(butylthio)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-484 

yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)phosphonic acid (31) 485 

The compound was synthesized starting from 12 (0.27 g, 0.76 mmol, 1.0 eq) affording a white solid 486 

(0.014 g, 2.5%). 1H-NMR (500 MHz, D2O) δ 8.17 (s, 1H, N=CHN) 6.10 (d, 1H, J =6.23 Hz, CHN) 487 

5.19 (t, 1H, J = 6.19 Hz, CHOH) 4.61 (m, 1H, CHOH) 4.39 (dd, 1H, J =6.34, 10.22 Hz, CHCH2) 4.33 488 

(m, 2H, CHCH2) 3.29 (m, 2H, SCH2) 1.73 (m, 2H, CH2) 1.44 (m, 2H, CH2) 0.90 (t, 3H, J = 7.39 Hz, 489 

CH3). 13C-NMR (125 MHz, D2O) δ 155.14, 154.91, 153.42, 152.48, 121.74, 90.88, 86.35, 79.70, 72.54, 490 

68.28, 57.53, 35.40, 33.48, 24.09, 15.69. 31P-NMR (202 MHz, D2O) δ 7.46 (d, 1P, J =14.53 Hz, Pγ) -491 

0.69 (dd, 1P, J =14.69, 29.01 Hz, Pβ) -10.62 (d, 1P, J =28.16 Hz, Pα). LC/ESI-MS (m/z): positive mode 492 

751.8752 [M+H]+ (calcd. 751.8775), and negative mode 749.8619 [M-H]-. Purity determined by 493 

HPLC-UV (254 nm)-ESI-MS: 100%. mp: 167°C. 494 

 495 

(Dibromo((((((2R,3S,4R,5R)-5-(8-(cyclopropylamino)-6-(methylamino)-9H-purin-9-yl)-3,4-di-496 

hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-497 

phosphonic acid (32) 498 

The compound was synthesized starting from 17 (0.14 g, 0.41 mmol, 1.0 eq) affording a white solid 499 

(7.0 mg, 2%). 1H-NMR (500 MHz, D2O) δ 8.16 (s, 1H, N=CHN) 5.96 (d, 1H, J = 7.36 Hz, CHN) 4.63 500 

(dd, 1H, J =2.7, 5.7 Hz, CHCH2) 4.41 (m, 1H, CHOH) 4.35 (br s, 1H, CHOH) 4.24 (d, 2H, J = 11.92 501 

Hz, CHCH2) 3.10 (s, 3H, NHCH3) 2.76 (m, 1H, NHCH) 0.88 (m, 2H, CHCH2) 0.8-0.72 (d m, 2H, 502 

CHCH2). 13C-NMR (125 MHz, D2O) δ 155.34, 152.79, 150.67, 150.23, 117.66, 89.45, 87.11, 73.81, 503 

72.65, 63.36, 50.90, 30.49, 27.18, 9.67. 31P-NMR (202 MHz, D2O) δ 7.51 (d, 1P, J = 14.60 Hz, Pγ) -504 

0.84 (dd, 1P, J = 14.74, 27.48 Hz, Pβ) -11.16 (d, 1P, J = 27.67 Hz, Pα). LC/ESI-MS (m/z): positive 505 

mode 732.8970 [M+H]+ (calcd. 732.9007), and negative mode 730.8852 [M-H]-. Purity determined by 506 

HPLC-UV (254 nm)-ESI-MS: 100%. mp: 232°C. 507 
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(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylamino)-6-(methylamino)-9H-purin-9-yl)-3,4-dihydroxy-508 

tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-phosphonic 509 

acid (33) 510 

The compound was synthesized starting from 18 (0.32 g, 1.0 mmol, 1.0 eq) affording a white solid 511 

(0.017 g, 2.3%). 1H-NMR (500 MHz, D2O) δ 8.13 (s, 1H, N=CHN) 6.04 (d, 1H, J =7.76 Hz, CHN) 512 

4.78 (t, 1H, J = 7.82 Hz, CHOH) 4.66 (dd, 1H, J = 2.16, 5.70 Hz, CHOH) 4.45 (m, 1H, 1x CHCH2) 513 

4.38 (br s, 1H, CHCH2) 4.24 (m, 1H, 1x CHCH2) 3.50 (m, 2H, NHCH2) 3.04 (s, 3H, NHCH3) 1.67 (m, 514 

2H, CH2) 1.39 (q, 2H, J = 7.48 Hz, CH2) 0.93 (t, 3H, J = 7.40 Hz, CH3). 13C-NMR (125 MHz, D2O) δ 515 

154.90, 152.87, 150.47, 150.25, 118.58, 89.15, 87.28, 73.33, 72.84, 68.44, 57.70, 45.31, 33.43, 30.46, 516 

22.31, 16.07. 31P-NMR (202 MHz, D2O) δ 7.48 (d, 1P, J = 16.02 Hz, Pγ) -0.87 (dd, 1P, J = 14.47, 26.89 517 

Hz, Pβ) -11.26 (d, 1P, J = 27.48 Hz, Pα). LC/ESI-MS (m/z): positive mode 748.9324 [M+H]+ (calcd. 518 

748.9320), and negative mode 746.9163 [M-H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 519 

99.0%. mp: 178°C. 520 

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylamino)-6-(dimethylamino)-9H-purin-9-yl)-3,4-di-521 

hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-522 

phosphonic acid (34) 523 

The compound was synthesized starting from 19 (0.1 g, 0.27 mmol, 1.0 eq) affording a white solid (6.0 524 

mg, 1.8%). 1H-NMR (500 MHz, D2O) δ 8.07 (s, 1H, N=CHN) 6.06 (d, 1H, J = 7.83 Hz, CHN) 4.71 525 

(m, 2H, NCH2) 4.45 (m, 1H, CHOH) 4.38 (br s, 1H, CHOH) 4.24 (d, 1H, J = 11.78 Hz, CHCH2) 3.54 526 

(d m, 2H, CHCH2) 3.42 (s, 6H, N(CH3)2) 1.68 (m, 2H, CH2) 1.38 (m, 2H, CH2) 0.93 (t, 3H, J = 7.40 527 

Hz, CH3). 13C-NMR (125 MHz, D2O) δ 163.50, 154.52, 152.23, 149.19, 119.98, 89.00, 87.24, 73.35, 528 

72.84, 68.47, 56.93, 45.12, 41.61, 33.75, 22.88, 16.03. 31P-NMR (202 MHz, D2O) δ 6.15 (d, 1P, J = 529 

14.67 Hz, Pγ) -2.22 (dd, 1P, J = 14.72, 27.57 Hz, Pβ) -12.61 (d, 1P, J = 27.71 Hz, Pα). LC/ESI-MS 530 

(m/z): positive mode 762.9478 [M+H]+ (calcd. 762.9477), and negative mode 760.9331 [M+H]-. Purity 531 

determined by HPLC-UV (254 nm)-ESI-MS: 98%. mp: 193°C. 532 

(Dibromo((((((2R,3S,4R,5R)-5-(6-(diethylamino)-8-(methylamino)-9H-purin-9-yl)-3,4-di-533 

hydroxytetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-534 

phosphonic acid (35) 535 

The compound was synthesized starting from 20 (0.08 g, 0.23 mmol, 1.0 eq) affording a white solid 536 

(9.0 mg, 4%). 1H-NMR (500 MHz, D2O) δ 8.04 (s, 1H, N=CHN) 6.06 (d, 1H, J = 7.82 Hz, CHN) 4.72 537 

(m, 1H, CHOH) 4.60 (dd, 1H, J =1.99, 5.68 Hz, CHOH) 4.45 (dd, 1H, J = 6.43, 10.55 Hz, CHCH2) 538 
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4.33 (d m, 2H, CHCH2) 3.88 (m, 4H, N(CH2CH3)2) 3.09 (s, 3H, NHCH3) 1.24 (t, 6H, J = 7.06 Hz, 539 

N(CH2CH3)2). 13C-NMR (125 MHz, D2O) δ 155.08, 152.57, 151.93, 149.89, 119.72, 89.05, 87.04, 540 

73.36, 72.91, 68.66, 57.89, 46.34, 31.89, 15.61. 31P-NMR (202 MHz, D2O) δ 7.14 (s, 1P, Pγ) 0.27 (br 541 

s, 1P, Pβ) -10.77 (d, 1P, J = 26.2 Hz, Pα). LC/ESI-MS (m/z): positive mode 748.9295 [M+H]+ (calcd. 542 

748.9320), and negative mode 746.9181 [M+H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 543 

93.7%. mp: 249°C. 544 

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylthio)-6-(methylamino)-9H-purin-9-yl)-3,4-dihydroxy-545 

tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-phosphonic 546 

acid (36) 547 

The compound was synthesized starting from 21 (0.2 g, 0.54 mmol, 1.0 eq) affording a white solid 548 

(13.0 mg, 3%). 1H-NMR (500 MHz, D2O) δ 8.19 (s, 1H, N=CHN) 6.11 (d, 1H, J = 6.70 Hz, CHN) 549 

5.20 (q, 1H, J = 6.30 Hz, CHOH) 4.62 (dd, 1H, J = 4.10, 6.09 Hz, CHOH) 4.37 (m, 1 H, CHCH2) 4.32 550 

(d m, 2H, CHCH2) 3.26 (m, 2H, SCH2) 3.08 (s, 3H, NCH3) 1.71 (m, 2H, CH2) 1.44 (m, 2H, CH2) 0.91 551 

(t, 3H, J = 7.40 Hz, CH3). 13CNMR (125 MHz, D2O) δ 156.01, 154.39, 153.99, 152.30, 122.21, 90.78, 552 

86.17, 73.53, 72.52, 68.30, 50.37, 35.76, 33.60, 30.30, 24.06, 15.69. 31P-NMR (202 MHz, D2O) δ 7.49 553 

(d, 1P, J = 14.51 Hz, Pγ) 0.70 (dd, 1P, J =14.28, 27.73 Hz, Pβ) -10.64 (d, 1P, J = 28.37 Hz, Pα). LC/ESI-554 

MS (m/z): positive mode 765.8919 [M+H]+ (calcd. 765.8931), and negative mode 763.8787 [M-H]-. 555 

Purity determined by HPLC-UV (254 nm)-ESIMS: 95.4%. mp: 172°C. 556 

(Dibromo((((((2R,3S,4R,5R)-5-(8-(butylthio)-6-(diethylamino)-9H-purin-9-yl)-3,4-dihydroxy-557 

tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)methyl)-phosphonic 558 

acid (37) 559 

The compound was synthesized starting from 22 (0.1 g, 0.24 mmol, 1.0 eq) affording a white solid (7.0 560 

mg, 4%). 1H-NMR (500 MHz, D2O) δ 8.18 (s, 1H, N=CHN) 6.13 (d, 1H, J = 6.41 Hz, CHN) 5.16 (t, 561 

1H, J = 6.26 Hz, CHCH2) 4.63 (m, 1H, CHOH) 4.38 (dd, 1H, J = 4.92, 10.90 Hz, CHOH) 4.32 (m, 2H, 562 

CHCH2) 3.92 (br s, 4H, N(CH2)2) 3.30-3.22 (d m, 2H, SCH2) 1.72 (m, 2H, CH2) 1.42 (m, 2H, CH2) 563 

1.26 (t, 6H, J = 7.03 Hz, N(CH2CH3)2) 0.89 (t, 3H, J =7.39 Hz, CH3). 13C-NMR (125 MHz, D2O) δ 564 

153.66, 153.37, 152.57, 151.90, 122.31, 90.78, 86.33, 73.72, 72.61, 68.29, 50.92, 47.16, 36.19, 34.10, 565 

24.22, 15.75, 15.38. 31P-NMR (202 MHz, D2O) δ 7.48 (d, 1P, J = 13.83 Hz, Pγ) -0.74 (dd, 1P, J = 566 

12.88, 25.51 Hz, Pβ) -10.64 (d, 1P, J = 28.45 Hz, Pα). LC/ESI-MS (m/z): positive mode 807.9381 567 

[M+H]+ (calcd. 807.9401), and negative mode 805.9304 [M+H]-. Purity determined by HPLC-UV (254 568 

nm)-ESI-MS: 92%. mp: 190°C. 569 
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(((((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-570 

(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)dibromomethyl)phosphonic acid (38) 571 

The compound was synthesized starting from 23 (0.2 g, 0.75 mmol, 1.0 eq) affording a white powder 572 

(0.12 g, 24%). 1H-NMR (500 MHz, D2O) δ 8.53 (s, 1H, N=CHN) 8.25 (s, 1H, N=CHN) 6.14 (d, 1H, 573 

J = 6.0 Hz, CHN) 4.79 (s, 1 H, CHOH) 4.62 (m, 1H, CHOH) 4.41 (m, 1H, CHCH2) 4.30 (d m, 2H, 574 

CHCH2). 13C-NMR (125 MHz, D2O) δ 158.49, 155.69, 152.04, 142.81, 121.51, 89.63, 86.95, 77.21, 575 

73.33, 68.20, 57.26. 31P-NMR (202 MHz, D2O) δ 7.56 (d, 1P, J = 14.45 Hz, Pγ) -0.50 (dd, 1P, J = 576 

14.40, 28.55 Hz, Pβ) -10.58 (d, 1P, J = 28.56 Hz, Pα). LC/ESI-MS (m/z): positive mode 663.8407 577 

[M+H]+ (calcd. 663.8406), and negative mode 661.8256 [M+H]-. Purity determined by HPLC-UV (254 578 

nm)-ESI-MS: 100%. mp: degradation >250°C. 579 

Synthesis of (((((((2R,3S,4R,5R)-5-(6-aAmino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-580 

yl)methoxy)-(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)dichloromethyl)phosphonic acid (39) 581 

Adenosine (23, 0.2 g, 0.75 mmol, 1.0 eq) and proton sponge (0.24 g, 1.13 mmol, 1.5 eq) were dissolved 582 

in 5.0 ml of trimethyl phosphate under an argon atmosphere at room temperature. The mixture was 583 

cooled to 0°C and phosphoryl chloride (0.1 ml, 1.3 mmol, 1.7 eq) was added dropwise. After 5 h of 584 

stirring at 0°C, tributylamine (4.0 eq) and 0.5 M tri-N-butylammonium 585 

dichloromethylenebisphosphonate solution in DMF (2.5 eq) were added to the mixture simultaneously. 586 

After 30 min, a cold 0.5 M aqueous TEAC solution (20 ml, pH 7.4 - 7.6) was added to the mixture and 587 

stirring was continued at room temperature for one hour. Trimethyl phosphate was extracted with tert.-588 

butylmethylether (3 x 200 ml), and the aqueous solution was lyophilized. The crude nucleoside 589 

triphosphate analogs were purified by FPLC. After equilibration of the column with deionized water, 590 

the crude product was dissolved in deionized water and injected into the column. The column was first 591 

washed with 5% 0.5 M NH4HCO3 buffer to remove unbound components. Elution started with a 592 

solvent gradient of 5-80% 0.5 M NH4HCO3 buffer over 8 column volumes followed by an isocratic 593 

phase at 80% 0.5 M NH4HCO3 buffer. Fractions were collected, appropriate fractions were pooled and 594 

lyophilized several times. The nucleotide analog was further purified by preparative HPLC (0%-30% 595 

acetonitrile in 50 mM NH4HCO3 buffer in 15 min, 20 ml/min). Fractions were collected and 596 

appropriate fractions were pooled and lyophilized yielding a white solid (0.05 g, 8%). 1H-NMR (500 597 

MHz, D2O) δ 8.53 (s, 1H, N=CHN) 8.25 (s, 1H, N=CHN) 6.14 (d, 1H, J = 5.95 Hz, CHN) 4.78 (s, 1H, 598 

CHOH) 4.61 (m, 1H, CHOH) 4.41 (br s, 1H, CHCH2) 4.28 (d m, 2H, CHCH2). 13C-NMR (125 MHz, 599 

D2O) δ 158.54, 155.74, 152.05, 142.79, 121.52, 89.62, 86.99, 77.21, 73.26, 68.16, 37.53. 31P-NMR 600 
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(202 MHz, D2O) δ 7.83 (d, 1P, J = 18.36 Hz, Pγ) 0.16 (dd, 1P, J = 18.58, 29.06 Hz, Pβ) -10.55 (d, 1P, 601 

J = 29.64 Hz, Pα). LC/ESI-MS (m/z): positive mode 573.9446 [M+H]+ (calcd. 573.9445), and negative 602 

mode 571.9304 [M+H]-. Purity determined by HPLC-UV (254 nm)-ESI-MS: 98.1%. mp: 205°C. 603 

Synthesis of (((((((2R,3S,4R,5R)-5-(6-aAmino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-604 

yl)methoxy)-(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)difluoromethyl)phosphonic acid (40) 605 

Adenosine (23, 0.2 g, 0.75 mmol, 1.0 eq) and proton sponge (0.24 g, 1.13 mmol, 1.5 eq) were dissolved 606 

in 5.0 ml of trimethyl phosphate under an argon atmosphere at room temperature. The mixture was 607 

cooled to 0°C and phosphoryl chloride (0.1 ml, 1.3 mmol, 1.7 eq) was added dropwise. After 5 h of 608 

stirring at 0°C, tributylamine (4.0 eq) and 0.5 M tri-N-butylammonium 609 

difluoromethylenebisphosphonate solution in DMF (2.5 eq) were added to the mixture simultaneously. 610 

After 30 min, a cold 0.5 M aqueous TEAC solution (20 ml, pH 7.4 - 7.6) was added to the mixture and 611 

stirring was continued at room temperature for one hour. Trimethyl phosphate was extracted with tert.-612 

butylmethylether (3 x 200 ml) and the aqueous solution was lyophilized. The crude nucleoside 613 

triphosphate analog was purified by FPLC. After equilibration of the column with deionized water, the 614 

crude product was dissolved in deionized water and injected into the column. The column was washed 615 

with 5% 0.5 M NH4HCO3 buffer to remove unbound components. Elution started with a solvent 616 

gradient of 5-80% 0.5 M NH4HCO3 buffer over 8 column volumes followed by an isocratic phase at 617 

80% 0.5M NH4HCO3 buffer. Fractions were collected, appropriate fractions were pooled and 618 

lyophilized several times. The product was further purified by preparative HPLC (0%-30% acetonitrile 619 

in 50 mM NH4HCO3 buffer within 15 min, 20 ml/min). Fractions were collected and appropriate 620 

fractions pooled and lyophilized yielding a white solid (0.025 g, 6%). 1H-NMR (500 MHz, D2O) δ 621 

8.52 (s, 1H, N=CHN) 8.25 (s, 1H, N=CHN) 6.14 (d, 1H, J = 6.02 Hz, CHN) 4.78 (d, 1H, J = 5.60 Hz, 622 

CHCH2) 4.57 (m, 1H, CHOH) 4.41 (br s, 1H, CHOH) 4.25 (d m, 2H, CHCH2). 13C-NMR (125 MHz, 623 

D2O) δ 158.39, 155.55, 152.01, 142.77, 121.48, 89.58, 86.87, 71.17, 73.24, 68.07. 31P-NMR (202 MHz, 624 

D2O) δ 3.40 (td, 1P, J = 58.87, 79.05 Hz, Pγ) -4.56 (tdd, 1P, J = 28.07, 56.21, 84.20 Hz, Pβ) -10.68 (d, 625 

1P, J = 30.49 Hz, Pα). 19F-NMR (202 MHz, D2O) δ -19.76 (t, 2F, J = 82.12 Hz). LC/ESI-MS (m/z): 626 

positive mode 542.0017 [M+H]+ (calcd. 542.0049), and negative mode 539.9888 [M+H]-. Purity 627 

determined by HPLC-UV (254 nm)-ESI-MS: 100%. mp: >231°C (decomposition). 628 

 629 

2.2 Biological assays 630 
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2.2.1 Chemicals and materials 631 
ATP, calcium chloride, magnesium chloride, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 632 

(HEPES), ammonium heptamolybdate, dimethyl sulfoxide (DMSO), malachite green, α,β-methylene- 633 

ATP (41), α,β-methylene-ADP (42), β,γ-methyleneadenosine-ATP (43) and polyvinyl alcohol were 634 

obtained from Sigma (Steinheim, Germany). Disodium hydrogenphosphate and sulfuric acid were 635 

purchased from Carl Roth (Karlsruhe, Germany). N6-[6-(Fluoresceinyl-5′-carboxamido)hexyl]-ATP 636 

(PSB-170621A) was obtained from Jena Bioscience (Jena, Germany). The polyacrylamide-coated 637 

capillary [30 cm (10 cm effective length) × 50 µm (id), × 360 µm (od)] was purchased from 638 

Chromatographie Service GmbH (Langerwehe, Germany). 639 

Expression of the enzymes 640 

The cDNAs of human enzymes NPP1, 3, 5, CD38 and CD73 (Genbank accession no. NM_006258, 641 

NM_005021, NM_021572, NM_ 001775, and NM_002526, respectively) were obtained from Origene 642 

(Rockville, USA). Soluble enzymes were produced as previously reported with some modifications 643 

(Lee et al. 2015; Junker et al. 2019). Briefly, the catalytic domains of the enzymes were amplified and 644 

sub-cloned into the expression vector pACGP67 A/B modified with the addition of 9 x histidine tag 645 

(His-tag) at the C-terminus (except for NPP1). The plasmids were transfected in Sf9 insect cells using 646 

Cellfectin™ II Reagent ((Thermo Fisher Scientific, MA, USA) and ProEasy™ baculovirus linearized 647 

DNA (Cat. #A10S , AB Vector, LLC). Protein expression was conducted for 48 h at 27°C. The signal 648 

peptide sequence of the expression vector shuttled the proteins into the supernatant. The supernatant 649 

medium was collected, and the enzymes were purified using HisPurTM
 Ni2+-NTA spin columns 650 

according to the manufacturer’s protocol. The protein concentration was determined by the Lowry 651 

method previously described by Randall and Lewis (Randall et al. 1951). 652 

 653 
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2.2.2 Human CD39 preparation 654 
Human umbilical cords were obtained under approved institutional review board protocol (Comité 655 

d’Éthique de la Recherche du CHU de Québec – Université Laval) following written consent as 656 

previously described (Sévigny et al., 1997). They were minced and homogenized with a polytron in 95 657 

mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and 45 mM Tris solution, pH 7.6. The 658 

homogenates were then filtered through a cheese cloth, centrifuged for 15 min at 600g, and the 659 

supernatants were subsequently centrifuged for 1 h at 100,000g. The pellets were resuspended in 5 mM 660 

Tris buffer solution, pH 8.0 and 10% glycerol. All purification steps were performed at 4 °C. The 661 

preparations were kept at −80 °C. 662 

2.2.3 Fluorescence capillary electrophoresis assay for CD39 663 
The enzyme activity assay was performed as previously described (Lee et al., 2018). For inhibition 664 

screening, three independent experiments were performed. The concentration of the fluorescent 665 

substrate PSB-017621A was 0.5 µM (Km = 19.6 µM); the assay is highly sensitive and therefore allows 666 

the use of low substrate concentrations below the Km value which facilitates the identification and 667 

characterization of moderately potent competitive inhibitors. Ttest compounds were initially 668 

investigated at a concentration of 10 µM, and 40 ng protein from human umbilical cord membrane 669 

preparations containing CD39 were added to initiate the reaction. The reaction buffer contained 10 mM 670 

HEPES, 2 mM CaCl2, 1 mM MgCl2, pH 7.4. The samples were incubated at 37°C for 4 min, and the 671 

enzymatic reaction was terminated by heating at 90°C for 5 min. The solution was then diluted 1:20 672 

with reaction buffer to perform separation of nucleotides by capillary electrophoresis (CE) followed 673 

by laser-induced fluorescence (LIF) detection. For compounds showing ≥70% inhibition of enzymatic 674 

activity, compared to the positive control without inhibitor, concentration-inhibition curves were 675 

generated at concentrations ranging from 0.01 to 300 µM. Three independent experiments were 676 
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performed, and curves were calculated by GraphPad Prism 8 software (GraphPad software, San Diego, 677 

CA, USA). 678 

Analysis was carried out using a P/ACE MDQ capillary electrophoresis system (Beckman Instruments, 679 

Fullerton, CA, USA). The separation was performed in a polyacrylamide-coated capillary [30 cm (10 680 

cm effective length) × 50 µm (id), × 360 µm (od)]. Before each run, the capillary was rinsed with the 681 

background electrolyte (50 mM phosphate buffer (pH 6.5)) for 1 min at 30 psi. Samples were 682 

electrokinetically injected by applying a voltage of -6 kV for 30 s at the capillary outlet, and the 683 

fluorescent nucleotide derivatives were separated by voltage application of -15 kV. Detection was 684 

performed at an excitation wavelength of 488 nm and an emission wavelength of 520 nm. Data 685 

collection and peak area analysis were performed by the P/ACE MDQ software 32 KARAT obtained 686 

from Beckman Coulter (Fullerton, CA, USA). 687 

2.2.4 Malachite green assay for CD39 and human NTPDases2, -3 and -8 688 
The enzyme activity assay was determined essentially as previously described (Cogan et al., 1999) 689 

with a few adaptations. The reaction buffer contained 10 mM HEPES, 2 mM CaCl2, 1 mM MgCl2, pH 690 

7.4 in a final volume of 50 μL in transparent 96-well half area plates. For CD39 (NTPDase1), we made 691 

use of human umbilical cord membranes preparations which express high levels of the enzyme. For 692 

the other human NTPDase isoenzymes, we had to resort to recombinant expression. Human umbilical 693 

cord membrane preparations (250 ng) natively expressing high amounts of CD39, or the respective 694 

recombinant COS-7 -cell membrane preparations expressing the appropriate NTPDase isoenzyme (ca. 695 

100 ng of protein  depending on enzyme activity) (Sévigny et al., 1997; Lecka et al., 2013) with or 696 

without inhibitor were preincubated at 37°C and gentle shaking (Eppendorf Thermomixer comfort at 697 

500 rpm) for 5 min. The amount of enzyme preparation was adjusted to ensure 10 – 20 % of substrate 698 

conversion. The reaction was initiated by the addition of 50 µM ATP (Km (CD39) = 17 µM; Km 699 

(NTPDase2) = 70 µM; Km (NTPDase3) = 75 µM; Km (NTPDase8) = 46 µM) (Kukulski et al., 2005). 700 
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After 15 min of incubation at 37°C with gentle shaking, the reaction was stopped by adding the 701 

detection reagents (20 µL malachite green solution, 0.6 mM, and 30 µL ammonium molybdate 702 

solution, 20 mM, in sulfuric acid, 1.5 M). The released (inorganic) phosphate was quantified after 20 703 

min of gentle shaking at 25 °C by measuring the absorption of the malachite green-phosphomolybdate 704 

complex at 600 nm using a BMG PheraStar FS plate reader (BMG Labtech GmbH, Ortenberg, 705 

Germany). The corrected absorption was calculated by subtracting the absorption of the negative 706 

control samples, which were incubated with denatured enzyme (90 °C, 15 min), and the inhibition was 707 

calculated as follows: 708 

% 𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  
(𝐵𝐵 − 𝑇𝑇)

𝐵𝐵
∗ 100% 709 

where B is the average corrected absorption of the positive control without inhibitor and T the corrected 710 

absorption in the presence of test compound. 711 

Full concentration-inhibition curves were determined with inhibitor concentrations ranging from 0.1 712 

to 300 µM in the presence of 2% DMSO. Three independent experiments were performed (n=3) and 713 

curves were calculated by GraphPad Prism 8 software. The Ki value was calculated using the Cheng-714 

Prusoff equation for competitive inhibitors: 715 

𝐾𝐾𝑖𝑖 =  
𝐼𝐼𝐼𝐼50

1 +  [𝑆𝑆]
𝐾𝐾𝑚𝑚

 716 

 717 

2.2.5 CD73 assay 718 
The assay was performed as previously described (Freundlieb et al., 2014). Briefly, the assay was 719 

performed with 0.09 µg/ml of soluble human CD73 recombinantly expressed in Sf9 insect cells as 720 

described (Junker et al., 2019), the respective test compound, and 5.0 µM [2,8-3H]AMP (specific 721 
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activity 7.4 x 108 Bq/mmol, 20 mCi/mmol) as radioactive substrate in assay buffer consisting of 25 722 

mM Tris buffer, 140 mM NaCl, 25 mM NaH2PO4 pH 7.4. The enzymatic reaction was performed for 723 

25 min at 37°C in a shaking water bath. Then, 500 µl of cold precipitation buffer (100 mM LaCl3, 100 724 

mM sodium acetate, pH 4.0) were added to precipitate free phosphate and unconverted [2,8-3H]AMP. 725 

After 30 min on ice, filtration through GF/B glass fiber filters using a cell harvester was used to separate 726 

AMP from adenosine. After washing each reaction vial three times with 400 µl of cold (4°C) 727 

demineralized water, aliquots of the filtrate were taken, and 5 ml of the scintillation cocktail (ULTIMA 728 

Gold XR9) was added. The amount of formed adenosine was quantified by liquid scintillation counting 729 

(TRICARB 2900 TR, Packard/PerkinElmer).  730 

2.2.6 NPP1 assay 731 
Inhibition of NPP1 was determined as previously described (Lee et al., 2017b). p-Nitrophenyl-5’-732 

thymidine monophosphate (p-Nph-5’-TMP) was used as an artificial substrate which results in the 733 

formation of the p-nitrophenolate anion with an absorption maximum of 400 nm. Purified soluble 734 

NPP1 (0.36 µg, expressed in Sf9 insect cells as previously described (Lee et al., 2015)) was mixed with 735 

test compound (20 µM final concentration for initial screening, 0.1 – 200 µM for determining 736 

concentration-dependent inhibition curves), 2% DMSO and 400 µM of p-Nph-5’-TMP as a substrate 737 

in a final volume of 100 µL. The mixture was incubated for 30 min at 37°C with gentle shaking, and 738 

the enzyme reaction was terminated by the addition of 20 µL of 1 M NaOH. The absorption was 739 

measured at 405 nm using a BMG PheraStar FS plate reader (BMG Labtech GmbH, Ortenberg, 740 

Germany).  741 

2.2.7 NPP4 assay 742 
Soluble NPP4 was expressed in Sf9 insect cells as recently described in detail (Lopez et al., 2020). 743 

Diadenosine tetraphosphate (AP4A) was employed as a substrate which is cleaved by NPP4 to ATP 744 

and AMP. The reaction product ATP was quantified by luciferin-luciferase reaction (Lopez and Müller, 745 
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2020). A mixture of 1.4 µg of NPP4 (soluble form expressed in insect cells and purified) (Lopez and 746 

Müller, 2020), 10 µM of test compound, 2 % DMSO and 20 µM of AP4A as a substrate were incubated 747 

for 60 min at 37°C with gentle shaking. The reaction was terminated by heating at 90°C for 5 min, and 748 

after cooling down on ice, 50 µl of D-luciferin dissolved in buffer (300 mM Tris-HCl, 15 mM MgCl2, 749 

100 ng D-luciferin, pH 7.8) and 50 µl luciferase (50 ng dissolved in H2O) were added. The firefly 750 

luciferase reacts with D-luciferin in the presence of ATP produced by NPP4. The resulting 751 

luminescence was measured between 10-14 min at 560 nm using a BMG PheraStar FS plate reader 752 

(BMG Labtech GmbH, Ortenberg, Germany). 753 

2.2.8 NPP3 and NPP5 assays 754 
The assays were performed in analogy to published procedures (Blacher et al., 2015). The enzymatic 755 

activity of human NPP3 and NPP5 (soluble forms expressed in insect cells and purified as previously 756 

described (Lopez et al., 2020; Lee et al., 2015) was measured using 1,N6-etheno-nicotinamide adenine 757 

dinucleotide (ε-NAD+) as a substrate, which is hydrolyzed to fluorescent 1,N6-etheno-AMP (ε-AMP). 758 

The enzymatic reactions were performed in reaction buffer (10 mM N-cyclohexyl-2-759 

aminoethanesulfonic acid (CHES), 2 mM CaCl2, and 1 mM MgCl2, pH 9.0 in H2O). Purified NPP3 760 

(90 ng) or NPP5 (400 ng), 20 µM of ε-NAD+ and 10 µM of the test compound were incubated for 30 761 

min at 37°C. The relative fluorescence at 270 nm excitation and 420 nm emission was detected by a 762 

fluorescence microplate reader (Flexstation, Medical Devices LLC. USA, Softmax Pro software to 763 

collect the data). 764 

2.2.9 CD38 assay 765 
The assay operation was analogous to the NPP3 and NPP5 assays. The enzymatic reactions were 766 

performed in 10 mM HEPES reaction buffer (pH 7.2) using 8 ng of human CD38 (expressed in Sf9 767 

insect cells) in analogy to a published procedure (Blacher et al., 2015).  768 

 769 
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2.3 Metabolic stability 770 

The experiments were performed by Pharmacelsus, Saarbrücken, Germany, 771 

(https://www.pharmacelsus.com/services/in-vitro-adme/) using human and mouse liver microsomes 772 

(0.5 mg/mL, mixed gender, pooled). Compounds were tested at a concentration of 1 μM. Data points 773 

represent means of two separate experiments performed in duplicates.  774 

2.4 Molecular modeling and docking studies 775 

Recently, we reported a homology model of the human CD39 generated based on rat CD39 (PDB ID: 776 

3ZX3, 1.70 Å) to understand the binding mode of the natural substrate ATP and the fluorescent-labeled 777 

ATP derivative, PSB-170621A (Lee et al., 2018). The generated homology model of the human CD39 778 

was used for the docking procedure using AutoDock 4.2 (Morris et al., 2009). For docking studies on 779 

human CD73 we have used the recently published X-ray structure of human CD73 (PDB ID: 6S7F, 780 

2.05 Å) co-crystallized with the inhibitor PSB-12379 (Bhattarai et al. 2019). The AutoDockTools 781 

(ADT) from Molecular Graphics Laboratory (MGL) were employed to generate the input files for both 782 

the CD39 and CD73 and to analyze the docking results obtained from AutoDock 4.2 (Sanner, 1999). 783 

Prior to docking, the three-dimensional energy scoring grids for a box of 60 × 60 × 60 points with a 784 

spacing of 0.375 Å were computed. The grids were centered based on the substrate binding site of the 785 

enzyme. For each ligand, 50 independent docking calculations using the varCPSO-ls algorithm from 786 

PSO@Autodock implemented in AutoDock4.2 were performed and terminated after 500,000 787 

evaluation steps (Namasivayam and Günther, 2007). The parameters of varCPSO-ls algorithm, the 788 

cognitive and social coefficients c1 and c2, were set at 6.05 with 60 individual particles as a swarm 789 

size. Default values were applied for all the other available parameters for the grid generation and 790 

docking calculation. The top-scoring binding poses with the lowest energy and highly populated poses 791 

were visually analyzed and selected the final binding pose.  792 

 793 
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3 Results and discussion 794 

3.1 Chemistry 795 

The ATP analog ARL67156 (I), which is known as a standard inhibitor of CD39, was selected as a 796 

lead structure, and different substitutions of the adenine base and modifications of the phosphate chain 797 

were performed. The appropriate adenosine derivatives were synthesized and subsequently submitted 798 

to phosphorylation according to the Ludwig procedure (Ludwig, 1981) with small modifications. 799 

3.1.1 Synthesis of nucleosides 800 
Adenosine derivatives were synthesized starting with substitutions of the N6-position. Commercially 801 

available 6-chloropurine riboside (1) was reacted with dialkylamine derivatives in the presence of a 802 

base in ethanol (Scheme 1) (Bhattarai et al., 2015). Purification by silica gel chromatography yielded 803 

the desired N6-disubstituted adenosine derivatives (2-9, 13).  804 
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2, 16 R6 = diethylamino

3, 15 R6 = dimethylamino

4 R6 = ethy(lmethyl)amino

5 R6 = methyl(propyl)amino

6 R6 = dipropylamino

7 R6 = ethyl(propyl)amino

8 R6 = benzylamino

9 R6 = phenethylamino

13, 14 R6 = methylamino

17 R6 = methylamino; R8 = cyclopropylamino

18 R6 = methylamino; R8 = butylamino

19 R6 = dimethylamino; R8 = butylamino

20 R6 = diethylamino; R8 = methylamino

21 R6 = methylamino; R8 = butylthio

22 R6 = diethylamino; R8 = butylthio

 805 
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Scheme 1 A. Synthesis N6,8-disubstituted adenosine derivatives (see Table 1), Reagents and 806 
conditions: a) dialkylamine, Et3N, absolute EtOH, reflux, 2-48h; b) bromine, sodium acetate buffer, 807 
pH 4.0, room temperature, overnight; c) alkylamine, Et3N, absolute EtOH, reflux, 18-48 h; B. Synthesis 808 
of 8-substituted adenosine derivatives 11 and 12. Reagents and conditions: d) thiourea, EtOH, 1h, 809 
reflux; e) 1-iodobutane, H2O/EtOH (1:1), 2 M aq.NaOH.  810 

 811 

Since 8-BuS-AMP (II), 8-BuS-ADP and 8-Bu-ATP were described as CD39 inhibitors (Lecka et al., 812 

2013), we introduced an 8-butyl substituent to study its effect on ATP analogs as well. For this purpose, 813 

8-bromoadenosine (10) was reacted with thiourea in ethanol yielding the intermediate 8-thioadenosine 814 

(11), which was subsequently alkylated using 1-iodobutane in a mixture of water and ethanol (1:1) in 815 

the presence of sodium hydroxide (Scheme 1) (Fox et al., 1958; Kikugawa et al., 1973; El-Tayeb et al., 816 

2009). Purification by silica gel chromatography yielded the desired adenosine derivative 12.  817 

In order to investigate whether 8- and N6-substitution could be additive, combinations of both were 818 

synthesized. For this purpose, N6-substituted adenosine derivatives (2, 3, and 13) were prepared as 819 

described above in Scheme 1 (Bhattarai et al., 2015). Then, the 8-position was brominated under acidic 820 

conditions (Ikehara and Uesugi, 1969; Bhattarai et al., 2015). The pH value of the reaction was 821 

maintained by adding 0.1 M sodium acetate buffer (pH 4.0). Excess bromine was subsequently 822 

removed by sodium hydrogen sulfite, and neutralization with aqueous NaOH solution followed by 823 

filtration affording the desired compounds 14-16 (Scheme 1). The bromine atom was subsequently 824 

substituted by an alkylamine to obtain compounds 17-22 (Scheme 1) (Long et al., 1967; 825 

Chattopadhyaya and Reese, 1977; Bhattarai et al., 2015). 826 

3.1.2 Synthesis of nucleotides  827 
The adenosine derivatives were submitted to phosphorylation according to the Ludwig procedure with 828 

small modifications (Ludwig, 1981). The lyophilized nucleosides were dissolved in 829 

trimethylphosphate and reacted with phosphoryl chloride (POCl3) in the presence of proton sponge 830 

(1,8-bis-(dimethylamino)naphthaline) to yield the reactive 5’-dichlorophosphates as intermediates 831 
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(Yoshikawa et al., 1967; El-Tayeb et al., 2009). Reaction with tris-N-butylammonium-832 

dibromomethylene-bisphosphonate in anhydrous N,N-dDimethylformamide (DMF) followed by 833 

hydrolysis with triethylammonium hydrogencarbonate (TEAC) buffer led to the desired nucleotide 834 

analogs (Scheme 2).  835 
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N

NN

N

R6

O

OHOH

HO

R8
N

NN

N

R6

O

OHOH

O

R8

P
O

O

P

O

OHOH

P
HO

O

OH
X

X

I,
 24-40

a

 836 

Scheme 2 General synthesis of nucleotides I and 24-40 by triphosphorylation. Reagents and 837 
conditions: a) three steps: (i) trimethylphosphate, phosphoryl chloride, proton sponge (1,8-bis-838 
(dimethylamino)naphthaline), 0–4°C, 4-5 h, argon; (ii) For 24-38: 0.5 M tris-N-butylammonium-839 
dibromomethylene-bisphosphonate (Bu3N CBr2(PO3H)2) solution in anhydrous DMF, Bu3N, 0-4°C, 5 840 
min. For 39: 0.5 M Bu3N·CCl2(PO3H)2 solution in anhydrous DMF, Bu3N, 0-4°C, 5 min. For 40: 0.5 841 
M Bu3N CF2(PO3H)2 solution in anhydrous DMF, Bu3N, 0-4°C, 5 min.; (iii) 0.5 M TEAC buffer pH 842 
7.4-7.6, room temperature, 1 h. For R6 and R8 see Scheme 1 (2-9, 12, 17-22) and Table 1 (I, 24-40); 843 
compound 23 is adenosine R6, R8 = H). 844 

 845 

Dibromomethylenebisphosphonate was synthesized from tetraisopropyl-methylenebisphosphonate 846 

according to published procedures (Mohamady and Jakeman, 2005; McKenna et al., 2007; Oertell et 847 

al., 2014). After completion of the phosphorylation reaction, trimethylphosphate was removed from 848 

the crude reaction mixture by extraction with tert.-butylmethylether followed by lyophilization of the 849 

water layer. The nucleotides were purified by anion exchange chromatography on a sepharose column 850 

using a fast protein liquid chromatography (FPLC) apparatus by applying a linear gradient (5-80%, 851 

0.5 M aqueous ammonium hydrogencarbonate buffer in water) (McCoy et al., 2014). The neutral 852 

impurities (e.g. nucleosides) eluted first, followed by charged species (mono-, di-, and finally 853 

triphos(phon)ates). The products were further purified by HPLC on reverse-phase C18 material to 854 

Feldfunktion geändert
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remove inorganic phosphates and buffer components to yield the desired nucleoside triphosphate 855 

analogs I and 24-40 in high purity of ≥ 92 % (Table 1). 856 

For investigating structure-activity relationships regarding the triphosphate moiety, variants of the β,γ-857 

dibromomethylene group are of interest. The naked β,γ-methylene-ATP (43), without any substituents 858 

attached to the methylene group, was commercially available. β,γ-Dibromomethylene-ATP (38) was 859 

synthesized starting from adenosine (23) according to the procedure described above. Additionally, 860 

β,γ-dichloro- and β,γ-difluorobisphosphonic acid were synthesized according to published procedures 861 

(McKenna et al., 1988; Boyle, 2006). The bisphosphonic acids were converted to the corresponding 862 

tri-N-butylammonium salts by dissolution of the acids in 50% aqueous ethanol and subsequent drop-863 

wise addition of tri-N-butylamine until a pH of 7.8-8.0 was reached followed by evaporation and 864 

lyophilization (McKenna et al., 1988; Oertell et al., 2014). Triphosphorylation reaction with adenosine 865 

(23) and subsequent purification was carried out as described above to yield the desired ATP analogs 866 

39 and 40 (Table 1). For reference purposes, the lead structure ARL67156 (I) was also synthesized. 867 

The structures of the obtained synthesized nucleotide analogs were confirmed by 1H-, 13C-, and 31P-868 

NMR spectroscopy, in addition to LC/ESI-MS analysis performed in both positive and negative mode. 869 

Purity was determined by high-performance liquid chromatography (HPLC)-UV (254 nm)-870 

electrospray ionization mass spectrometry (ESI)-MS. NMR and LCMS data of selected final products 871 

are depicted in Figures S1-S5 (see Supplementary Material). 872 

 873 

3.2 Biological evaluation 874 

3.2.1 CD39 inhibition 875 
Inhibition of human CD39 was determined using the previously developed fluorescence-based 876 

capillary electrophoresis method utilizing a fluorescent ATP derivative as a substrate (Lee et al., 2018). 877 

For compounds showing high inhibition (>60 % at 10 µM concentration) concentration-inhibition 878 
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curves were determined using the same assay. Selected compounds were additionally investigated 879 

using the malachite green assay in order to confirm the results using the natural substrate ATP (Table 880 

1). ARL67156 had been shown to be a competitive inhibitor (Lévesque et al., 2007), and the same 881 

inhibition type can be assumed for its derivatives and analogs, which bear structural resemblance to 882 

the CD39 substrate ATP. Ki values were calculated using the Cheng-Prusoff equation (Cheng and 883 

Prusoff, 1973). 884 

The lead structure ARL67156 displayed a Ki value of 0.973 µM in our fluorescence-based CE assay, 885 

being somewhat more potent than previously reported (Lévesque et al., 2007). In the malachite green 886 

assay versus ATP as a substrate, it showed a Ki value of 3.45 µM, which is in the same range. 887 

Replacement of one ethyl group by a methyl group at the N6 nitrogen atom of ARL67156 (I) reduced 888 

potency by about 7-fold (compound 25, Ki 6.48 µM), while replacement of both N6-ethyl groups by 889 

methyl in 24 had an even more dramatic effect (Ki 40.1 µM), 41-fold decrease compared to I. 890 

Introduction of propyl substitution was better tolerated, see 27 (N6-dipropyl) and 28 (N6-ethyl,N6-891 

propyl-substituted) with Ki values of 2.68 and 2.22 µM, respectively. The N6-methyl,N6-propyl 892 

derivative 26 was also in the same range as the N6-methyl,N6-ethyl derivative 25, indicating that the 893 

enzyme accommodates lipophilic substituents in that position. While an N6-benzyl residue (in 29) led 894 

to abolishment of the CD39-inhibiting activity, N6-phenylethyl-substitution (derivative 30) restored 895 

inhibitory activity (Ki 4.82 µM). This might be explained by the higher flexibility of the phenethyl 896 

group and its increased lipophilicity, while the benzyl group may produce clashes with the hydrophobic 897 

amino acid residues in the binding pocket. 898 

As a next step we investigated 8-substituted analogs of ARL67156 with optional N6-mono- or 899 

disubstitution (compounds 31 – 37). These compounds were inspired by 8-butylthio-AMP (II) which 900 

had been reported as a similarly potent CD39 inhibitor as ARL67156 (Lecka et al., 2013). These 901 
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nucleotides can be regarded as hybrid molecules derived from I and II, containing features of both 902 

CD39 inhibitors. In fact, 2-butylthio-substitution of N6-unsubstituted I was equally potent as 903 

ARL67156 (I) as confirmed in both assays, against fluorescent (Ki 1.13 µM) and natural substrate (Ki 904 

4.11 µM) (compound 31, Table 1). However, combination with the N6-diethyl substitution of I led to 905 

significantly reduced potency (37, Ki 7.48 µM and 5.98 µM in the two employed assays), while the 8-906 

butylthio-N6-monomethyl-substituted derivative 36 was even less potent (Ki > 10 µM). This indicates 907 

that both substituents, at C8 and N6, have interdependent effects on potency and are not simply additive. 908 

We subsequently replaced the 8-butylthio residue by other 8-substituents connected via an amino rather 909 

than a thio linker (32 – 35). The smaller methylamino residue in the 8-position in combination with the 910 

N6-diethyl substitution of I led to reduced potency (compound 35, Ki ≈ 10 µM). However, 8-butylamino 911 

substitution in combination with a small N6-monomethyl residue in 33 again led to a similarly potent 912 

CD39 inhibitor as lead structure I and N6-unsubstituted 8-butylthio derivative 31 (see compound 33, 913 

Ki 1.51 µM and 3.35 µM in the two employed assays). A cyclopropylamino residue in the 8-position 914 

was not superior but resulted in a slight reduction in potency (compare 32 and 33). Introduction of a 915 

second N6-methyl group into 33 reduced the potency (34, Ki ≈ 10 µM).  916 

With a further set of compounds, we investigated the replacement of the dibromo-substitution on the 917 

triphosphate-analogous linker of lead structure I. For simplification, we prepared the corresponding 918 

N6-unsubstituted analogs. The direct N6-unsubstituted analog of I, compound 38, with 919 

dibromomethylene modification of the triphosphate chain, was about 5-fold less potent than the lead 920 

compound I (Ki 5.26 µM vs. 0.973 µM). Its dichloro- (39) and difluoro-substituted (40) analogs were 921 

only about 2-fold less potent than the more lipophilic dibromo-derivative 38, while the unsubstituted 922 

β,γ-methylene-ATP (43) was virtually inactive. These results indicate that an electron-withdrawing 923 

substituent on the β,γ-methylene-ATP derivatives was required. In the CD39 substrate ATP and in the 924 

inhibitor α,β-methylene-ATP (41), which is a poor substrate of CD39, the β,γ-oxygen bridge exerts 925 
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electron withdrawing effects. In fact, 41 was found to be as potent as ARL67156 (I) in blocking CD39 926 

(Ki 0.632 µM vs. the fluorescent substrate). It was less potent in the malachite green assay, perhaps 927 

due to partial hydrolysis during the longer incubation time in that assay (3 vs. 15 min). The structure-928 

activity relationships of all ARL67156 (I) derivatives and analogs are represented in Figure 3. 929 

3.2.2 Selectivity 930 
ARL67156 was previously described as a competitive inhibitor of CD39 (Ki = 11 ± 3 µM), NTPDase3 931 

(Ki = 18 ± 4 µM) and NPP1 (Ki = 12 ± 3 µM) (Lévesque et al., 2007). In the present study, the selectivity 932 

of ARL67156 (I) and its analogs was assessed by testing lead structure I and the two most potent 933 

derivatives 31, 33 in a large array of human ectonucleotidases, namely NTPDases1 (CD39), -2, -3 and 934 

8, NPP1, -3, -4 and -5, CD73 (ecto-5’-nucleotidase) and CD38 (for results see Table 2 and Figure 4). 935 

The experiments were performed by established procedures (Freundlieb et al., 2014; Lee et al., 2015; 936 

Blacher et al., 2015; Lopez et al., 2020). All of the compounds inhibited also NTPDase3, CD73 and 937 

NPP1, but they showed lower potency at NTPDase3 and NPP1 than at CD39. The inhibition of CD73 938 

was equal to that of CD39, with the exception of compound 33, which inhibited CD73 with an even 8-939 

fold higher potency compared to CD39. Compound 31 was found to also weakly inhibit NTPDase2.  940 

The selectivity data clearly shows that the reported CD39 inhibitor ARL67156 (I), which is 941 

commercially available and broadly used in biological studies, is in fact a dual CD39/CD73 inhibitor 942 

showing ancillary inhibition of NPP1 and NTPDase3 at higher concentrations. 8-Butylthio-β,γ-943 

bromomethylene-ATP (31) displays a similar profile with comparable potency for CD39. Both 944 

compounds could, in fact, be characterized as multi-target ectonucleotidase inhibitors. Compound 33 945 

with an N6-methyl residue and 8-butylamino-substitution, is even significantly more potent as inhibitor 946 

of ecto-5’-nucleotidase (CD73, Ki 0.185 µM, 8-fold difference) than of CD39. All three inhibitors 947 

could serve as novel lead structures for developing dual CD39/CD73 inhibitors or triple 948 
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CD39/CD73/NPP1 inhibitors which might be advantageous for the immunotherapy of cancer as 949 

compared to selective inhibitors that block only a single ectonucleotidase. 950 

3.2.3 Metabolic stability 951 
The most potent CD39 inhibitors I, 31, and 33 were further studied for metabolic stability in human 952 

and mouse liver microsomes which are mainly responsible for drug metabolism (see Figure S8). 953 

Surprisingly, all three compounds appeared to be metabolically highly unstable with half-lives of less 954 

than 1 min. To ensure that degradation was caused by microsomal enzymes and not due to chemical 955 

instability, stock solutions were analyzed by LC/ESI-MS analysis, and in all cases found to be stable. 956 

ARL67156 (I) is commonly used as a “selective” CD39 inhibitor, and the compound had been assumed 957 

to be metabolically stable in biological studies because of its β,γ-dibromomethylene bridge (Crack et 958 

al., 1995; Lévesque et al., 2007). However, the present results show that ARL67156 and its derivatives 959 

are not suitable for in vivo application. Nevertheless, they represent useful tool compounds for in vitro 960 

studies. 961 

3.2.4 Molecular modelling studies  962 

3.2.4.1 NTPDase1 (CD39) 963 

Recently, we published a homology model of human CD39 based on the crystal structures of rat CD39 964 

and human NTPDase2 (Lee et al., 2018). In the present study, we utilized this model for docking 965 

studies to rationalize the observed SARs. As a competitive inhibitor, ARL67156 (I) binds to the 966 

catalytic site of the enzyme and is predicted to possess virtually the same orientation and similar 967 

interactions as the natural substrate ATP. The key interactions of ATP with the amino acid residues in 968 

the binding site of CD39 had previously been verified by mutagenesis studies as discussed by Lee et 969 

al. (Lee et al., Analyst 2018).  970 

In brief, the α-phosphate group of ATP (Figure 5A and Figure S9A) interacts with H59, the β-971 

phosphate group with G56, S57 and S58, while T131, G216, A217 and S218 form interactions with 972 
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the γ-phosphate, either directly, or mediated by water. The calcium cation forms an octahedral complex 973 

and stabilizes the phosphate groups in the binding pocket via interactions with the β- and γ-phosphates. 974 

The 3’-hydroxy-group of the ribose interacts with D259, while the adenine ring is sandwiched between 975 

F365 and Y408 and stabilized by π-π-interactions.  976 

ARL67156 (I, Figure 5B) was docked and found to have a similar orientation in the binding site of the 977 

enzyme as ATP. The key residue interactions of the phosphate groups, the hydroxy groups of the ribose 978 

and the adenine ring are identical for ATP and ARL67156. The dibromomethylene substitution 979 

prevents hydrolysis by the enzyme and additionally ensures full deprotonation of the γ-phosphate due 980 

to its electron-withdrawing properties. Unsubstituted β,γ-methylene-ATP (43) shows no significant 981 

inhibition, while the halogen-substituted ATP analogs Br (38), Cl (39) and F(40) inhibit the enzyme 982 

with IC50 values in the low micromolar range. Full deprotonation of the γ-phosphate might favor 983 

interactions with the amino acid residues, the main chain of G216, A217, S218 and the side chain of 984 

Q220 in the binding pocket, and their interaction with the calcium ion (see Figure S9).  985 

The putative binding pose of the natural substrate ATP (Figure 5A) shows that the amino group in the 986 

N6-position does not appear to directly interact with amino acid residues in the enzyme; it is oriented 987 

towards the surface of the enzyme. This surface of the binding pocket is lined by a large number of 988 

hydrophobic residues, F365, V366, V404, Y408 and Y412. The docked pose of I (ARL67156, Figure 989 

5B) suggests that the diethylamino substitution (R6) at the 6-position possibly forms hydrophobic 990 

interactions with these residues and stabilizes the adenine ring and the phosph(on)ate groups in the 991 

binding pocket forming interactions with the amino acid residues of the enzyme. This was supported 992 

by comparing the biological activity of I (Ki = 0.973 µM) with the analogous compound with an 993 

unsubstituted amino group (38, Ki = 5.26 µM). However, substitution with shorter (24) or larger (25-994 

28) alkyl chains resulted in a decrease in inhibitory potency in comparison to I. Additionally, a phenyl 995 
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residue was tolerated (compound 30, Ki = 4.82 µM) while a benzyl group (29) was not. This may be 996 

due to the lower flexibility of the benzyl compared to the phenethyl group, which may result in clashes 997 

with hydrophobic residues such as V404 and others in the binding sub-pocket. This shows that the 998 

surface of the binding pocket requires an optimal substitution, a diethyl group as in I, to form 999 

hydrophobic interactions with the residues in the binding pocket.  1000 

The putative binding poses of 31 and 37 (Figure 5C and D) observed in the docking studies show that 1001 

the butylthio-substitution at position 8 is oriented towards the amino acid residues H59, R85, F365 and 1002 

Y408. Due to restricted space, the butylthio substitutions 31 and 37cannot beaccommodated inside the 1003 

binding pocket.  The combination of butylthio at position 8 with an unsubstituted amino group at 1004 

position 6 (31, Ki = 1.13 µM) gave a similarly potent inhibitor as lead structure I (ARL67156, Ki = 1005 

0.973 µM). The docked pose of 31 (Figure 5C) shows the thio-group to be flexible and positioned 1006 

well inside within the limited available space in the binding pocket. The potency was maintained with 1007 

a methylamino-substitution at C6 and butylthio replaced with a butylamino residue at the 8-position. 1008 

However, the potency was decreased upon N6-diethylamino substitution in 37. Although the docked 1009 

pose of 37 displayed found only minor differences in the orientation in comparison to those of I and 1010 

31 in the binding pocket, the two larger substituents might introduce significant differences in the 1011 

compounds’ conformations and their interaction with amino acids residues in the binding pocket 1012 

(Figure 5D). These results were supported by compounds 34 and 35 in which both positions N6 and 8 1013 

were substituted with larger alkyl residues leading to significantly reduced inhibitory potency at CD39. 1014 

2D-interaction diagrams are depicted in Figure S9 of Supplementary Material. 1015 

3.2.4.2 Ecto-5’-nucleotidase (CD73) 1016 

Recently, a high resolution X-ray structure of human CD73 in complex with a subnanomolar inhibitor, 1017 

the nucleotide analog PSB-12379, derived from the ADP analog AOPCP (or α,β-methylene-ADP) was 1018 
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obtained (Bhattarai et al., 2019). Compared to the human CD39 sequence which consists of 428 amino 1019 

acids, the sequence of human CD73 is larger with 574 amino acid residues. The number of positively 1020 

and negatively charged amino acid residues in the binding pocket are similar in both CD39 and CD73 1021 

with six and five, respectively (Figure 6). This suggests that the potency of the ligands depends on 1022 

their orientation and interaction with the amino acid residues in the binding pocket. At human CD73, 1023 

N6-substituted adenine nucleotide analogs showed higher inhibitory potency compared to their N6-1024 

unsubstituted derivatives. PSB-12379 occupies the binding site of the CD73 substrate AMP, while the 1025 

adenosine moiety and the diphosphonate chain (PCP) are bound between the two zinc ions and form 1026 

electrostatic interactions, the α-phosphonate forming hydrogen bond interactions with N245, R354, 1027 

and R395, the β-phosphonate group with N117, H118, and R395, the ribose hydroxyl groups with 1028 

R354, R395, and D506. The adenine ring is stacked between F417 and F500 (Figure 7A and Figure 1029 

S10).  1030 

In our selectivity studies, ARL67156 (I) and its derivatives 31 and 33 were found to be similarly or 1031 

even more potent inhibitors of CD73 as compared to CD39. In order to gain further insights into the 1032 

binding mode of the selected compounds I, 31 and 37, we docked these three inhibitors into the binding 1033 

site of human CD73. The docked poses of ARL67156 (I) and its derivatives (31 and 37) indicate that 1034 

the phosphate groups are directing the compounds into the binding pocket and are likely bound between 1035 

the two zinc ions. Compared to the diphosphonate PSB-12379, the β,γ-methylene triphosphate chain 1036 

of ARL67156 (I) and its derivatives was observed to be folded inside the binding pocket. In the pocket 1037 

of CD73, the γ-phosphonate group likely interacts with N117, H118, and R395, the β-phosphonate 1038 

group with R354 and the α-phosphate with H243 (Figure 7B). The hydroxyl groups of the ribose 1039 

moiety interact with D506 and the adenine ring is likely sandwiched between F417 and F500. The 1040 

diethylamino substitution at position 6 is extended towards the surface. Interestingly, the butylthio-1041 

substituent at position 8 of the adenine ring in compound 31 rotates along the ribose ring (Figure 7C). 1042 
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The hydroxyl groups are predicted to form an interaction with D121. The butylthio group is oriented 1043 

towards the surface of the enzyme. As shown in Figure 7D, the rotation of the ribose is altered and 1044 

shifted when a large lipophilic alkyl group is introduced as in 37 together with the butylthio group at 1045 

position 8. 2D-interaction diagrams are depicted in Figure S10 of Supplementary Material. 1046 

4 Conclusion 1047 

ARL67156 is so far the only commercially available “selective” inhibitor of CD39. Apart from reports 1048 

describing it as a competitive inhibitor, its characterization has been limited. In the present study we 1049 

synthesized ARL67156 analogs and derivatives to get insights into the structure-activity relationships 1050 

of this class of CD39 inhibitors. The presence of electron-withdrawing groups adjacent to the terminal 1051 

phosph(on)ate was found to be crucial indicating that full deprotonation is required for interactions 1052 

within the orthosteric binding site. The size and polarity of substituents on the adenine ring are required 1053 

to position it within the apolar substrate binding site of the enzyme. ARL67156 and two of the most 1054 

potent analogs, 31 and 33, were extensively characterized. Surprisingly, all three CD39 inhibitors were 1055 

found to be similarly potent or even more potent in inhibiting CD73 and can therefore be envisaged as 1056 

dual- or multi-target drugs. Dual inhibition of these enzymes, both of which have been proposed as 1057 

novel targets for cancer immunotherapy, might result in synergistic effects. Both enzymes are 1058 

cooperating leading to the conversion of proinflammatory ATP to antiinflammatory adenosine. If both, 1059 

CD39 and CD73, are inhibited at the same time, the concentration of ATP will be increased (by CD39 1060 

inhibition); at the same time, the concentration of adenosine will be decreased (by CD73 inhibition). 1061 

This is expected to result in a dramatic enhancement of immunostimulatory, anti-metastatic, and 1062 

cytotoxic effects (Allard et al., 2017). 1063 

However, metabolic stability investigated in human and mouse liver microsomal preparations, was 1064 

found to be extremely poor, prohibiting their use for in vivo studies. Nevertheless, these 1065 

ectonucleotidase inhibitors should be useful as pharmacological tool compounds for simultaneous 1066 
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inhibition of the CD39/CD73 catalysis cascade in vitro. The presented results provide a solid basis for 1067 

future optimization of nucleotide analogs as CD39 and dual CD39/CD73 inhibitors. 1068 

 1069 

5 Abbreviations 1070 

ADT, AutoDockTools; CE, capillary electrophoresis; DCM, dichloromethane; DMSO, dimethyl 1071 

sulfoxide; DAD, diode array detector; CD39, nucleoside triphosphate diphosphohydrolase1; CD73, 1072 

ecto-5’-nucleotidase; ESI, electrospray ionization; FPLC, fast protein liquid chromatography; HEPES, 1073 

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; HPLC, high performance liquid chromatography; 1074 

LIF, laser-induced fluorescence; MS, mass spectrometry; MGL, Molecular Graphics Laboratory; 1075 

DMF, N,N-dimethylformamide; NMR, nuclear magnetic resonance; NTPDase1, nucleoside 1076 

triphosphate diphosphohydrolase1; NPP1, nucleotide pyrophosphatase/phosphodiesterase1; SAR(s), 1077 

structure-activity relationship(s); TEAC, triethylammonium hydrogencarbonate; TLC, thin layer 1078 
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10 Figure legends 1253 

Figure 1. Consecutive hydrolysis of ATP to adenosine by cleaving the terminal phosphate group and 1254 
releasing inorganic phosphate (Pi), catalyzed by the enzymes CD39 and CD73 1255 

Figure 2 Chemical structures and reported potencies of selected CD39 inhibitors 1256 

Scheme 3 A. Synthesis N6,8-disubstituted adenosine derivatives (see Table 1), Reagents and 1257 
conditions: a) dialkylamine, Et3N, absolute EtOH, reflux, 2-48h; b) bromine, sodium acetate buffer, 1258 
pH 4.0, room temperature, overnight; c) alkylamine, Et3N, absolute EtOH, reflux, 18-48 h; B. Synthesis 1259 
of 8-substituted adenosine derivatives 11 and 12. Reagents and conditions: d) thiourea, EtOH, 1h, 1260 
reflux; e) 1-iodobutane, H2O/EtOH (1:1), 2 M NaOH aq. 1261 

Scheme 4 General synthesis of nucleotides I and 24-40 by triphosphorylation. Reagents and 1262 
conditions: a) three steps: (i) trimethylphosphate, phosphoryl chloride, proton sponge (1,8-bis-1263 
(dimethylamino)naphthaline), 0–4°C, 4-5 h, argon; (ii) For 24-38: 0.5 M tris-N-butylammonium-1264 
dibromomethylene-bisphosphonate (Bu3N CBr2(PO3H)2) solution in anhydrous DMF, Bu3N, 0-4°C, 5 1265 
min. For 39: 0.5 M Bu3N·CCl2(PO3H)2 solution in anhydrous DMF, Bu3N, 0-4°C, 5 min. For 40: 0.5 1266 
M Bu3N CF2(PO3H)2 solution in anhydrous DMF, Bu3N, 0-4°C, 5 min.; (iii) 0.5 M TEAC buffer pH 1267 
7.4-7.6, room temperature, 1 h. For R6 and R8 see Scheme 1 (2-9, 12, 17-22) and Table 1 (I, 24-40); 1268 
compound 23 is adenosine R6, R8 = H). 1269 

Figure 3 Structure-activity relationships of ARL67156 (I) derivatives and analogs as CD39 inhibitors 1270 

Figure 4. Selectivity profile of selected CD39 inhibitors A. Effect of ARL67156 (I), B. compound 31 1271 
and C. compound 33 at human ecto-nucleotidases. pKi values for CD39, as determined in the 1272 
fluorescence capillary electrophoresis assay, are compared to those at other ecto-nucleotidases. Assay 1273 
procedures are described in the method section. 1274 

Figure 5. Docked poses nucleotides in the substrate binding pocket of the human CD39 homology 1275 
model. Binding poses of the natural substrate ATP (yellow) (A), of I (green) (B), of 31 (marine blue) 1276 
(C), and of 37 (magenta) (D) are shown; the important amino acids are colored in pale cyan and shown 1277 
in stick representation. The cofactor Ca2+ is represented as a green sphere. Oxygen atoms are colored 1278 
in red and nitrogen atoms in blue.  1279 

Figure 6. Comparison of A. the putative substrate binding site of human CD39 (pale cyan) and B. the 1280 
substrate binding site of human CD73 (gray). Important amino acids are shown; positively and 1281 
negatively charged amino acids are highlighted by blue and green boxes, respectively. Oxygen atoms 1282 
are colored in red, nitrogen atoms in blue, sulfur atoms in yellow, calcium atom in green and zinc atoms 1283 
in dark gray. 1284 

Figure 7. Docked poses of ARL67156 (I) and derivatives in the substrate binding pocket of human 1285 
CD73 based on an X-ray structure (PDB ID: 6s7f). A. Binding pose of the co-crystallized inhibitor 1286 
PSB-12379 (orange); B. binding pose of I (green); C. binding pose of 31 (marine blue), and D. binding 1287 
pose of 37 (magenta). Important amino acids are colored in orange and shown in line representation. 1288 
The two zinc ions in the substrate binding site are represented as blue spheres. Oxygen atoms are 1289 
colored in red and nitrogen atoms in blue. 1290 
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11 Tables 1292 

Table 1. Potency of nucleotides as inhibitors of human CD39 1293 
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Compound Structure Ki ± SEM (µM) a 

(or % inhibition at 10 µM)  
N6-Substituted β,γ-dibromomethylene-ATP derivatives I, 24-30 

 R6  
I 

ARL67156 
-N(CH2CH3)2 0.973 ± 0.239 

3.45 ± 0.56 b 

24 -N(CH3)2 40.1 ± 7.0 

25 -N(CH2CH3)CH3 6.48 ± 2.6 

26 -N((CH2)2CH3)CH3 4.04 ± 2.12 

27 -N((CH2)2CH3)2 2.68 ± 1.11 

28 -N((CH2)2CH3)(CH2CH3) 2.22 ± 0.02 

29 -NH-benzyl >> 10 (4 %) 

30 -NH((CH2)2Ph) 4.82 ± 0.21 

N6,8-Disubstituted β,γ-dibromomethylene-ATP derivatives 31-37 
 R6 R8  

31 -NH2 S(CH2)3CH3 1.13 ± 0.23 
4.11 ± 0.86 b 

32 -NHCH3 -NH-cyclopropyl 5.72 ± 0.86 

33 -NHCH3 -NH(CH2)3CH3 1.51 ± 0.40 
3.35 ± 1.63 b 

34 -N(CH3)2 -NH(CH2)3CH3 ≈ 10 (54 %) 

35 -N(CH2CH3)2 -NHCH3 ≈ 10 (59 %) 

36 -NHCH3 -S(CH2)3CH3 > 10 (39 %) 
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37 -N(CH2CH3)2 -S(CH2)3CH3 7.48 ± 1.29 
5.98 ± 5.26 b 

β,γ-Dihalogenomethylene-ATP analogs 38-40 
 X  

38 -Br 5.26 ± 0.22 

39 -Cl 9.53 ± 1.46 

40 -F 10.6 ± 0.4 
4.55 ± 0.49 b 

Methylene-ATP and –ADP analogs 41-43 
41 

α,β-Methylene-ATP 
see structure above 0.632 ± 0.024 

7.20 ± 0.64 b 
42 

α,β-Methylene-ADP 
(AOPCP) 

see structure above >> 10 (14 %) 

43 
β,γ-Methylene-ATP 

see structure above >> 10 (23 %) 

a Fluorescence capillary electrophoresis assay: screening at 10 µM was performed, or concentration-1294 
inhibition curves (n=3) were determined using the fluorescent substrate PSB-017621A (0.5 µM). 1295 
b Malachite green assay: concentration-inhibition curves (n=3) were determined using the natural 1296 
substrate ATP (50 µM).  1297 
  1298 
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Table 2. Table 1.Inhibition of selected ecto-nucleotidases by ARL67156 (I) and analogs 31 and 33a 1299 

Enzyme Ki ± SEM (µM) (or % inhibition) 
ARL67156 (I) 31 33 

CD39 0.973 ± 0.239 1.13 ± 0.23 1.51 ± 0.40 

NTPDase2 > 50 (18 %) 22.2 ± 0.5 78.0 ± 0.6 
NTPDase3 7.94 ± 1.36 1.54 ± 0.34 7.80 ± 1.34 
NTPDase8 > 50 (2 %) > 50 (2%) > 50 (-11 %) 

CD73 0.451 ± 0.121 0.831 ± 0.274 0.185 ± 0.074 
NPP1 4.41 ± 3.53 5.17 ± 1.75 7.68 ± 5.40 
NPP3 > 10 (13 %) > 10 (8 %) > 10 (8 %) 
NPP4 > 10 (-1 %) > 10 (2 %) > 10 (4 %) 
NPP5 > 10 (-3 %) > 10 (2 %) > 10 (1 %) 
CD38 > 10 (0 %) > 10 (7 %) > 10 (6 %) 

a Ki values of potent compounds are shown in bold. 1300 
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