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Abstract

Ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases, subtypes 1, 2, 3, 8 of 

NTPDases) dephosphorylate nucleoside tri- and diphosphates to the corresponding di- and 

monophosphates. In the present study we synthesized adenine and uracil nucleotide mimetics, in 

which the phosphate residues were replaced by phosphonic acid esters attached to the nucleoside 

at the 5′-position by amide linkers. Among the synthesized uridine derivatives, we identified the 

first potent and selective inhibitors of human NTPDase2. The most potent compound was 19a 
(PSB-6426), which was a competitive inhibitor of NTPDase2 exhibiting a Ki value of 8.2 μM and 

selectivity versus other NTPDases. It was inactive toward uracil nucleotide-activated P2Y2, P2Y4, 

and P2Y6 receptor subtypes. Compound 19a was chemically and metabolically highly stable. In 

contrast to the few known (unselective) NTPDase inhibitors, 19a is an uncharged molecule and 

may be perorally bioavailable. NTPDase2 inhibitors have potential as novel cardioprotective drugs 

for the treatment of stroke and for cancer therapy.

Introduction

Extracellular nucleotides, such as ATP, ADP, UTP, and UDP act as extracellular signaling 

molecules by activating purine and/ or pyrimidine P2 receptors.1,2 The activation of these 

receptors is controlled by various ecto-enzymes that dephosphorylate nucleotides.3–6 An 

important family of specific nucleoside tri-and diphosphate metabolizing enzymes is the 
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ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase), whose members 

haveformerlyalsobeenknownasecto-ATPasesorecto-apyrases.3,4,7 By their membrane 

topology and specific catalytic properties, four of the eight members of the NTPDase family 

appear to be responsible for most of the hydrolysis of nucleotides at the cell surface, namely, 

NTPDase1 (CD39), NTPDase2 (CD39L1), NTPDase3 (CD39L3) and NTPDase8.4 These 

NTPDase members are cell surface proteins anchored in the plasma membrane with their 

active site orientated toward the extracellular space, while the remaining members 

(NTPDases 4, 5, 6, and 7) are mostly intracellular enzymes. NTPDase5 and 6 may be 

secreted into the extracellular space as soluble enzymes.3 NTPDases differentially catalyze 

the sequential hydrolysis of the β- and γ-phosphate of adenosine and uridine nucleoside di- 

and triphosphates,8 the physiological ligands of P2 receptors: NTPDase1 hydrolyzes 

nucleoside tri- and diphosphates similarly well, yielding the monophosphates (AMP, UMP) 

as products, while NTPDase2 has a clear preference for nucleoside triph-osphates and 

therefore yields ADP and UDP as the main products. NTPDase3 and 8 are functional 

intermediates between NTPDase1 and 2, showing an about 2- to 3-fold preference for 

nucleoside triphosphates.

The isolated action of NTPDase2 provides P2Y1, P2Y12, P2Y13 (ADP), and P2Y6 (UDP) 

receptor agonists9,10 while terminating the activation of P2X receptors (ATP), as well as 

P2Y2 (UTP, ATP), P2Y4 (UTP), and P2Y11 (ATP) receptors.11 NTPDase1 is the major 

physiological NTPDase member showing the broadest distribution and the highest 

expression levels in most tissues.4 The distribution of NTPDase2 appears to be more 

restricted. In the vasculature it is expressed in the adventitia of arteries and on subendothelial 

cells of veins.10 Upon vessel injury, large amounts of ATP are secreted in the extracellular 

environment which, when exposed to NTPDase2, are efficiently converted to platelet-

activating ADP which activates P2Y1 and P2Y12 receptors on thrombocytes.10 In addition, 

ADP potently inhibits ecto-5′-nucleotidase,12–14 thereby preventing the extracellular 

formation of adenosine and impeding adenosine receptor-effected vasodilation and 

antithrombotic properties.15–17 El Omar et al. observed that patients with coronary artery 

disease had an altered ATP/ADP ratio of hydrolysis in favor of ATP hydrolysis.18 The ratio 

of ADP to ATP hydrolysis appears to play a vital role in the control of hemostasis, since 

even a small alteration of the balance may lead to higher platelet reactivity. A selective 

inhibitor for NTPDase2 may therefore exhibit cardioprotective properties.

In the central nervous system (CNSa) NTPDase2 is found on astrocytes.19 During cerebral 

ischemia, extracellular ATP concentrations rise. ATP is first dephosphorylated to ADP by 

aAbbreviations: Boc, tert-butyloxycarbonyl; 8-Bu-S-ATP, 8-thiobutyl-adenosine 5′-triphosphate; CE, capillary electrophoresis; 
CDCl3, deuterated chloroform; CNS, central nervous system; DIPEA, diisopropylethylamine; DMEM, Dulbecco’s modified Eagle 
medium; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; DMSO-d6, deuterated dimethyl sulfoxide; D2O, deuterated water; 
DPBS, Dulbecco’s phosphate-buffered saline; FBS, fetal bovine serum; EI, electron impact; ESI, electrospray ionization; HBTU, 2-
(1H-benzotriazolyl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HCTU, 2-(6-chloro-1H-benzotriazolyl)-1,1,3,3-
tetramethyluronium hexafluorophosphate; HEPES, N-[2-hydroxyethyl]piperazine-N′-2-ethansulfonic acid; HPLC, high performance 
liquid chromatography; HRMS, high resolution mass spectrometry; LC–MS, liquid chromatography–mass spectrometry; LOD, limit 
of detection; MeOD-d4, deuterated methanol; MeOH, methanol; NMR, nuclear magnetic resonance; NPP, nucleoside 
pyrophosphatase; (E)-NTPDase, (ecto)-nucleoside 5′-triphosphate diphosphohydrolase; PMSF, phenylmethanesulfonyl fluoride; 
POM, polyoxometalate; PPADS, pyridox-alphosphate-6-azophenyl-2′,4′-disulfonic acid; PyBOP, benzotriazol-1-yl-
oxytrispyrrolidinophosphonium hexafluorophosphate; RB-2, reactive blue 2; SAR(s), structure–activity relationship(s); S/N, signal-to-
noise; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyl oxide; THF, tetrahydrofurane; TLC, thin layer chromatography.
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astrocytic NTPDase2 and then dephosphorylated to AMP by other ectonucleotidases. The 

transiently accumulating ADP, a potent inhibitor of ecto-5′-nucleotidase,12 may delay 

further dephosphorylation of AMP to cytoprotective adenosine by ecto-5′-nucleotidase. 

Furthermore, activation of P2Y2 receptors by ATP may also have protective effects in glial 

cells.20 Thus, NTPDase2 inhibition may be useful for the treatment of ischemic conditions 

in brain, e.g., for the treatment of stroke. Recently, Zimmermann and colleagues identified 

NTPDase2 as a novel marker for certain progenitor cells in the adult and developing mouse 

brain, indicating a role in neurogenesis.21 High NTPDase2 expression was also found in 

human hepatoma22 and Walker 256 tumor cells23 and may be implicated in the stimulation 

of cancer progression.

NTPDase2 inhibitors could therefore modulate P1 and P2 receptor activation in a site- and 

event-specific manner. From a medicinal chemistry point of view this concept might be 

advantageous in comparison with the development of direct P2 receptor agonists because it 

has turned out to be difficult to develop metabolically stable and selective P2 agonists and it 

has been impossible to design uncharged, neutral molecules that can activate P2 receptors.24

So far, only a few NTPDase inhibitors have been described (Figure 1).25–32 However, 

reactive blue 2 (3), pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS, 4), and 

suramin (5) are also antagonists of many P2 receptors.32–35 Only the ATP analogue 

ARL67156 (FPL67156, N6-diethyl-β,γ-dibromomethylene-ATP, 1),36 the ATP derivative 8-

thiobutyladenosine 5′-triphosphate (8-Bu-S-ATP, 2),26 and some polyoxometalates 

(POMs)31 have been shown to exhibit enzyme inhibitory potential without significantly 

affecting nucleotide receptors. However, these compounds are highly polar and cannot be 

perorally bioavailable. Furthermore, we have recently found that the frequently applied 

ARL67156 is a weak competitive inhibitor of NPP1 and, NTPDase1 and 3 and does not 

inhibit NPP3, NTPDase2, or NTPDase8 very well.30,37 Thus far, no selective inhibitors for 

NTPDase2 have been described.

The present study was aimed at developing selective NTPD-ase inhibitors, which should not 

exhibit affinity for P2 receptors and, in contrast to phosphoric acid ester derivatives, were 

not to be dephosphorylated by ecto-nucleotidases or phosphatases. Furthermore, our goal 

was to obtain neutral molecules (not negatively charged at physiologic pH value of 7.4) in 

order to allow for peroral application. Our target structures were nucleotide mimetics 19–23 
derived from ATP and UTP, the substrates of NTPDases, in which the triphosphate group 

was replaced by a phosphonic acid diester residue (I–III) linked via amide bonds and a 

linker group to the nucleoside core (Figure 2).

Syntheses

For the preparation of the target compounds 19–23 (Figure 2), a convergent synthetic 

strategy was applied (see Schemes 1, 2 and 3). The commercially available nucleosides 

adenosine (6a) and uridine (6b) were protected at the 2′- and 3′-hydroxyl groups (7a,b), 

and the 5′-hydroxyl group was subsequently oxidized to the corresponding 5′-carboxylic 

acid function (8a,b) (Scheme 1). Coupling of the nucleoside-5′-carboxylic acids 8a,b with 
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amino-substituted phosphonic acid diethyl ester derivatives 16–18 (Scheme 2) followed by 

deprotection of the ribose moiety yielded the final products 19–23 (Scheme 3).

Selective derivatization of nucleosides in the 5′-position usually requires protection of the 

2′- and 3′-hydroxyl groups. Frequently, the nucleosides are treated with acetone to yield the 

2′,3′-acetonides.38 In our hands, however, the hydrolytic cleavage of the acetonide group 

required concentrations of at least 50% of trifluoroacetic acid in water, which resulted in 

substantial degradation of the target compounds. We obtained a complex mixture of 

products, presumably because of hydrolysis of acid-sensitive phosphonic acid ester and 

nucleosidic bonds, especially in the case of the uridine derivatives. As an alternative, a 

protecting group that would be cleavable by catalytic hydrogenation such as a benzylidene 

group was considered. However, hydrogenolysis of this protective group with 10% Pd/C 

requires long reaction times. Johnson and Widlanski observed hydrogenation of the 5,6-

double bond of the uracil ring under these conditions as an undesired major side reaction.
39,40 Hydrogenolysis might also not be compatible with the benzylphosphonate moiety III 
(Figure 2). Therefore, we selected an alternative protecting group and reacted the 

nucleosides with p-methoxybenzaldehyde, yielding the acetal-protected compounds 7a,b in 

high yields (see Scheme 1).38 The p-methoxybenzylidene protecting group could be easily 

cleaved off later on under very mild conditions using 5% trifluoroacetic acid in 

dichloromethane. Under these conditions, no degradation of the nucleosides was observed 

(see Scheme 3).

Subsequent oxidation of the 5′-hydroxymethylene group of 7a,b to carboxylic acids 8a,b 
was performed in analogy to a published procedure using catalytic amounts of 2,2,6,6-

tetramethyl-1-piperidinyl oxide (TEMPO) and stoichiometric amounts of 

bis(acetoxy)iodobenzene (Scheme 1).41 The 2′,3′-p-methoxybenzylidene protecting group 

turned out to be fully compatible with the reaction conditions, although it is somewhat 

bulkier and less stable than the 2′,3′-isopropylidene protecting group employed in the 

literature procedure.41 High yields of products 8a (72%) and 8b (78%) were obtained.

The triphosphate mimetic moieties 16–18 were synthesized by connecting amino-

functionalized phosphonic acid diethyl ester derivatives via an amide bond with tert-
butyloxycarbonyl-(Boc-) protected amino acids (see Scheme 2). For the condensation 

reaction, Wieland’s mixed anhydride method was employed using isobutyl chloroformate as 

an activating agent and N-methylmorpholine to deprotonate the carboxylic acid. The 

activation of the carboxylic acid was performed in dry tetrahydrofurane.42 The commercially 

available Boc-protected amino acids glycine (9a), β-alanine (9b), and γ-aminobutyric acid 

(9c) were thus coupled to p-aminobenzylphosphonic acid diethyl ester (10), 

aminomethylphosphonic acid diethyl ester (11), or 2-aminoethylphosphonic acid ester (12), 

respectively, yielding amides 13–15. Deprotection with hydrogen chloride in dry dioxane 

yielded products 16–18 (Scheme 2). Yields ranged between 60% and 90%, calculated over 

the two steps of amide coupling and Boc-deprotection.

The crucial step in the synthetic pathway was the formation of the nucleoside 5′-carboxylic 

acid amides (see Scheme 3). The carboxylic acid functions of nucleoside 5′-carboxylic acids 

are sterically hindered and therefore possess a very different reactivity than, for example, the 
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carboxylic acid functions of amino acids. Initial attempts to react uridine-5′-carboxylic acid 

8b with compounds 16a–c using standard coupling reagents, including carbodiimides (1-

ethyl-3-(3′-dimethylaminopropyl)-carbodiimide hydrochloride, dicyclohexylcarbodiimide), 

or isobutyl chloroformate,42 were unsuccessful. Diphenylphosphorylazide, previously 

applied in the synthesis of uridine-5′-carboxylic acid amides, resulted in low yields.43 

Therefore, we examined a series of coupling reagents based on 1-hydroxybenzotriazole, 

which have been described in the literature as powerful tools for amide synthesis.44 Among 

these, benzotriazol-1-yl-oxy-trispyrrolidinophosphonium hexafluorophosphate (PyBOP) had 

been successfully applied to the preparation of adenosine-5′-carboxamides.45,46 In addition 

to PyBOP, we also used 2-(1H-benzotriazolyl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) and 2-(6-chloro-1H-benzotriazolyl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HCTU). The three reagents gave very different 

results depending on the starting compounds that were to be coupled. The best coupling 

reagent for each reaction was different mainly depending on the chain length of the 

alkylamine moiety; it did not depend on the nature of the nucleoside-5′-carboxylic acid 

(adenine or uracil derivative). If the alkyl chain consisted of only one methylene unit (n = 1: 

16a, 17a, 18a), HCTU turned out to be the coupling reagent of choice. Longer alkyl chains 

consisting of two or three methylene groups (16b,c; 17b,c) required the use of HBTU or 

PyBOP (see Experimental Section). The amide formation had to be performed in the 

presence of a base. Three commonly used bases were compared for the synthesis of 19a and 

19c: triethylamine, N-methylmorpholine, and diisopropylethylamine (DIPEA). Of these, 

only diisopropylethylamine resulted in satisfactory yields. The amide coupling reactions 

involving PyBOP were previously reported to proceed within 15 min;45 however, we found 

that stirring overnight gave the highest yields. The order of the addition of starting 

compounds and reagents to the solvent was important for the success of the reaction; the 

uridine-derived carboxylic acid 8b was codissolved with the appropriate coupling reagent 

and hydroxybenzotriazole in dimethylformamide, followed by the addition of 

diisopropylamine, which led to the activation of the carboxylic acid. Then the appropriate 

amine derivative was added. In contrast, the adenosine-derived carboxylic acid 8a had to be 

dissolved separately in a mixture of dimethylformamide and diisopropylamine, and a 

solution of the appropriate coupling reagent and hydroxybenzotriazole in 

dimethylformamide was subsequently added for activation, followed by the appropriate 

amine derivative (Scheme 3).

After deprotection of the ribose moiety using 5% trifluoroacetic acid in dichloromethane, the 

final products 19–23 were purified by reversed phase HPLC on a C-18 column and 

subsequently dried by lyophilization (see Scheme 3). Final products were isolated in yields 

ranging between 30% and 70%, calculated over the two steps of amide coupling and 

deprotection of the 2′,3′-position.

Biological Activity

The nucleotide mimetics were investigated as inhibitors of the four human NTPDase 

isoenzymes, NTPDases 1, 2, 3, 8. NTPDases were expressed in COS-7 cells or HEK 293 

cells, and enzyme-containing membrane preparations were used. The assays were performed 

in reaction vials in the presence of ATP (400 μM) as a substrate. Product formation (AMP or 
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ADP) was subsequently analyzed by capillary electrophoresis (CE) with UV detection.30 

The recent development of easy and powerful CE-based nanoscale NTPDase inhibition 

assays in our group30 was crucial for the current identification and characterization of 

NTPDase2 inhibitors. It allowed high-throughput screening due to the direct and fast 

separation of the substrates from the reaction products within a few minutes without sample 

pre-treatment. Initial screening was performed at a concentration of 1 mM of test 

compounds. For active compounds, full concentration–inhibition curves were determined. 

For compound 19a, the type of NTPDase inhibition was investigated by determining enzyme 

kinetics in the presence of different concentrations of inhibitor, and a competitive 

mechanism of inhibition was found for NTPDase2. Ki values were calculated from IC50 

values using the Cheng–Prusoff equation and the following Km values for the substrate ATP: 

NTPDase1, 17 μM; NTPDase2, 70 μM; NTPDase3, 75 μM; NTPDase8, 81 μM.8,47

In order to investigate the selectivity of the compounds on NTPDases versus P2 receptors, 

the effects of these compounds at the uracil nucleotide-activated P2 receptor subtypes P2Y2, 

P2Y4, and P2Y6 were also investigated. These subtypes were selected because the most 

potent NTPDase inhibitors of the present series were uracil rather than adenine nucleotide 

mimetics. Astrocytoma cell lines expressing the human P2Y2, the human P2Y4, or the rat 

P2Y6 receptor were used.48 Inhibition of agonist- (UTP for P2Y2, P2Y4; UDP for P2Y6) 

induced stimulation of intracellular calcium release of the phospholipase C coupled 

receptors was measured using the calcium fluorophore Fura-2 applied as its acetoxymethyl 

ester (Fura-2 AM).49–51 In this test system, test compounds with antagonistic as well as 

those with agonistic activity at the P2Y receptor subtypes can be detected, since 

preincubation with either agonists or antagonists will lead to an inhibition of ligand-induced 

receptor activation. Antagonists will block the receptors, while preincubation with agonists 

will lead to receptor desensitization.52 We have shown agonist-induced desensitization for 

all investigated receptors under the applied conditions (unpublished data). Selected 

compounds were also investigated directly for potentially agonistic activity.

Structure–Activity Relationships

NTPDase Inhibition

The investigated nucleotide mimetics can be divided into two structural groups: uracil 

derivatives (19–21) and adenine derivatives (22, 23). The compounds contain a 5′-amide 

linkage and a spacer unit of different length (one to three methylene units) connected via 

another amide linkage with a polar benzylphosphonate (I), methylenephosphonate (II), or 

ethylenephosphonate (III) moiety, respectively. Table 1 shows that adenine derivatives were 

generally less potent than the corresponding uracil derivatives (compare 19a/22a, 19b/22b, 

20a/23a, 20b/23b, 20c/23c). This was surprising, since ATP is a better substrate of 

NTPDases than UTP.8 There was one exception, the benzylphosphonate derivatives 19c/22c 
containing a long (propylene) spacer. These compounds were weak, nonselective NTPDase 

inhibitors with Ki values ranging between 161 and 255 μM with only small differences 

between the uracil (19c) and the adenine derivative (22c). However, the adenine derivative, 

22c, was inactive against NTPDase3 at the highest concentration tested (1 mM), whereas the 

uracil derivative, 19c, was inhibitory. The benzylphosphonates were the most potent 
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NTPDase inhibitors of the present series. This was true for NTPDase1 and 2, while most of 

the investigated compounds were inactive or showed only low inhibitory activity with 

NTPDase3 and 8. The inhibitory potency was strongly dependent on the spacer length. The 

benzylphosphonates of the uracil series showed decreasing inhibitory potency with 

increasing spacer length, especially with NTPDase2. The most potent compound of the 

present series was 19a, a benzylphosphonate with a small methylene spacer, showing a Ki 

value for NTPDase2 of 8.2 μM. The compound is selective for NTPDase2 compared to 

NTPDase1, NTPDase3, and NTPDase8. The homologues with a longer spacer were 21-fold 

(ethylene, 19b) and 26-fold (propylene, 19c) less potent than 19a with NTPD-ase2. A 

comparison of 19a with analogues that contain the same spacer length but different 

phosphonate groups shows that the benzylphosphonate is superior to methylenephosphonate 

(20a) or ethylenephosphonate (21a) residues. Both analogues are 9-fold (20a) or 14-fold 

(21a) less potent at inhibiting NTPDase2. However, when the larger spacer (propylene) was 

combined with the smaller methylenephosphonate moiety (compound 20c), potency at 

NTPDase2 was enhanced (Ki = 29.2 μM). These results indicate that the distance between 

the terminal phosphonate moiety and the nucleoside plays an important role. Selected dose–

response curves of potent inhibitors are shown in Figure 3. Compound 19a, the most potent 

inhibitor of the present series with a Ki value of 8.2 μM at NTPDase2 was further 

investigated with regard to the mechanism of enzyme inhibition. Since the compounds are 

substrate analogues, it is likely that they bind competitively to the nucleotide binding site in 

the NTPDases. Since they do not have phosphate ester bonds, they cannot be cleaved by the 

enzymes in contrast to the natural substrates. The kinetics of NTPDase2 were determined in 

the absence and in the prescence of 19a (5 and 10 μM). The Vmax was not affected by 

different concentrations of inhibitor, while the Km value increased with increasing inhibitor 

concentration, indicating a competitive mechanism of inhibition. The resulting Lineweaver–

Burk plot is shown in Figure 4.

Interaction with P2Y Receptors

Most of the investigated nucleotide mimetics did not inhibit or only slightly inhibited the 

agonist-induced activation of P2Y2, P2Y4, and P2Y6 receptors at the tested concentration of 

100 μM (see Supporting Information). Thus, the most potent NTPDase2 inhibitors of the 

present series, the uracil derivatives 19a and 20c, are selective for the enzyme versus these 

P2Y receptor subtypes, which are activated by uracil nucleotides: P2Y2 by UTP and ATP, 

P2Y4 by UTP, and P2Y6 by UDP. Three compounds (20a, 20c, 22a) were evaluated in a 

broader range of concentrations (0.1, 0.3, 1, 3, 10, 30, 100 μM) at P2Y2 receptors but did not 

show any concentration-dependent inhibition of UTP-induced calcium mobilization. 

Antagonists, but also agonists, would inhibit UTP-induced calcium mobilization in this 

assay, the latter due to desensitization of the receptors during the preincubation period. In 

addition, we showed that the selected compounds (19a, 19b, 20a, 20b, 22b, and 23a) do not 

or only weakly activate P2Y2 receptors (for details see Supporting Information). In contrast, 

known NTPDase2 inhibitors, such as RB2, suramin, and PPADS, not only are nonselective 

compared to other NTPDases but also are equally or more inhibitory for certain P2 receptor 

subtypes (see Supporting Information).
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Investigation of Chemical and Metabolic Stability

Two selected phosphonates, the selective NTPDase2 inhibitor 19a and the moderately 

potent, nonselective NTPDase inhibitor 19c, were further investigated for their stability (i) 

under basic conditions in 0.001 N aqueous sodium hydroxide solution (pH 11),53 (ii) in 

artificial gastric fluid at 37 °C,54 and (iii) in rat liver microsomes55 in order to investigate 

potential metabolic degradation by liver enzymes. The experiments were performed 

essentially as described previously.53 Samples were incubated at 37 °C and subsequently 

analyzed by high performance liquid chromatography coupled to electrospray ionization 

mass spectroscopy (LC–MS).

Both uridine-derived benzylphosphonates, 19a and 19c, which contain different spacer 

lengths between the uridine-derived moiety and the benzylphosphonate partial structure, 

showed high stability in artificial gastric juice even after extended incubation periods of up 

to 24 h. No degradation products were detectable by LC–MS analysis. Similarly, both 

compounds were highly stable in sodium hydroxide solution at pH 11 (for details see 

Supporting Information), indicating that they may be stable in the alkaline milieu of the 

intestine.

The next step was to investigate whether the phosphonates were susceptible to liver 

metabolism. It has been described that short alkyl chain esters of phosphonates are 

metabolically quite stable.56,57 Incubation with rat liver microsomes showed that both 

compounds, 19a and 19c, were relatively stable toward liver enzymes. Only a very small 

percentage (<5%) was metabolized under the applied conditions (see Experimental Section), 

while >95% of the compounds were recovered unchanged. Both compounds were 

metabolized to a product with a molecular mass that was 162 u higher than that of the parent 

drug. An increase in the molecular mass of 162 u is atypical for a phase I reaction, such as 

oxidation, reduction, or hydrolysis. It points to a phase II reaction, i.e., a coupling reaction 

with an acid, such as glucuronic acid. Glucuronidation of the unsubstituted ribosyl hydroxyl 

groups of 19a and 19c is conceivable, but this would increase the molecular mass by 176 u. 

One possible metabolizing phase II reaction that would increase the molecular weight by 

162 u would be coupling with glucose (Scheme 4).58 Several drugs, e.g., phenobarbital and 

other barbituric acid derivatives, have been reported to be conjugated to glucose in 

mammals, although this is usually a minor pathway.58

Candidate enzymes catalyzing this reaction could be phenol β-glucosyltransferase (EC 

2.4.1.35), arylamine glucosyltransferase (EC 2.4.1.71), or nicotinate glucosyltransferase (EC 

2.4.1.196).58

A second metabolite was detected after incubation of 19a with rat liver microsomes at 37 °C 

with a molecular mass of 243 u. This could be explained by a hydrolysis of the amide bond 

yielding the aniline derivative 10 (Scheme 5). The same metabolite was also detected after 

incubation of 19c. The expected metabolite 26 was not detectable, probably because of 

further degradation.
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Conclusions

The synthesis of nucleotide mimetics derived from uridine 5′-carboxylic acid attached via 

amide bonds to a linker of variable length to various phosphonic acid diethyl ester moieties 

yielded the first potent and selective NTPDase2 inhibitors, uridine derivatives 19a and 20c. 

In contrast to nucleotides and standard NTPDase inhibitors the new compounds are 

uncharged at a physiological pH value and may therefore be perorally bioavailable. The 

compounds did not interact with the uracil nucleotide-activated P2 receptor subtypes P2Y2, 

P2Y4, or P2Y6. They showed high stability under conditions found in the gastrointestinal 

system and upon incubation with rat liver microsomes. Only a small fraction of 19a was 

metabolized, the main pathways presumably being amide hydrolysis and coupling to glucose 

as analyzed by LC–MS, while the phosphonic acid esters remained intact. Compound 19a 
may become a useful pharmacological tool for studying NTPDase2 and the potential of 

NTPDase2 inhibitors as novel drugs.

Experimental Section

Methods

Chemicals and solvents were obtained from various producers (Acros, Aldrich, Fluka, 

Merck, Sigma) and used without further purification unless otherwise noted. 

Dichloromethane was distilled prior to use. The reactions were monitored by thin layer 

chromatography (TLC) using aluminum sheets coated with silica gel 60 F254 (Merck). 

Column chromatography was carried out on silica gel 0.040–0.063 mm (Fluka) using a flash 

chromatography system (Büchi). Preparative HPLC was performed on a C18 column (250 

mm × 20 mm, particle size 10 μm, Eurospher 100) using a mixture of MeOH and H2O as 

eluent at a flow rate of 20 mL/min. Mass spectra were recorded on an API 2000 mass 

spectrometer (electron spray ion source, Applied Biosystems, Darmstadt, Germany) coupled 

with an HPLC system (Agilent 1100) using a C18 column (particle size 3 μm, Phenomenex 

Luna). 1H, 31P, and 13C NMR spectra were recorded on a 500 MHz spectrometer (Bruker 

Avance). CDCl3, DMSO-d6, MeOD-d4, or D2O were used as solvents as indicated below. 
31P NMR spectra were recorded using aqueous orthophosphoric acid (85%) as an external 

standard. Shifts are given in ppm relative to the external standard (31P NMR) or relative to 

the remaining protons of the deuterated solvents (1H, 13C). Elemental microanalyses were 

performed on a VarioEL apparatus. Yields and analytical data of all synthesized compounds 

are given in the Supporting Information.

2′,3′-p-Methoxybenzylideneadenosine (7a) and 2′,3′-p-Meth-
oxybenzylideneuridine (7b)—Introduction of the p-methoxybenzylidene protecting 

group was performed in analogy to a described procedure.38 Adenosine (5.0 g) or uridine 

(5.0 g) and ZnCl2 (10.0 g) were suspended in a mixture of 10 mL of dry THF and 20 mL of 

p-methoxybenzaldehyde (anisaldehyde). The turbid mixture was stirred for 2 days, then the 

product was precipitated by the addition of 100 mL of diethyl ether, filtered off, and washed 

with water (3 × 50 mL) and diethyl ether (3 × 50 mL).
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2′,3′-p-Methoxybenzylideneadenosine-5′-carboxylic Acid (8a) and 2′,3′-p-
Methoxybenzylideneuridine-5′-carboxylic Acid (8b)—Oxidation was performed 

according to a published procedure41 starting from 6.0 mmol of 7a (2.31 g) or 7b (2.17 g).

General Procedures for the Synthesis of Amino-Substituted Phosphonic Acid Ester 
Derivatives 16a–c, 17a–c, and 18a. Preparation of Amides 13a–c, 14a–c, and 15a

In a dry vessel, N-tert-butyloxycarbonylglycine (10 mmol, 1750 mg), or N-tert-
butyloxycarbonyl-β-alanine (10 mmol, 1890 mg), or N-tert-butyloxycarbonyl-γ-

aminobutyric acid (10 mmol, 2030 mg) was dissolved in 10 mL of dry THF and cooled to –

25 °C. N-Methylmorpholine (10 mmol, 1010 mg) and then isobutyl chloroformate (10 

mmol, 1360 mg) were added under vigorous stirring. Immediately after the formation of a 

white precipitate (N-methyl-morpholine hydrochloride) a solution of p-

aminobenzylphosphonic acid diethyl ester (11 mmol, 2673 mg) in dry THF (10 mL) or a 

solution of aminomethylphosphonic acid diethyl ester oxalate (11 mmol, 2830 mg) or 

aminoethylphosphonic acid diethyl ester oxalate (11 mmol, 2980 mg) in 11 mL of an 

aqueous 1 N NaOH solution, precooled on ice, was added. The resulting mixture was 

allowed to warm to room temperature. After 3 h, the volatiles were removed by rotary 

evaporation at 40 °C, the residue was dissolved in 10 mL of water, the pH was brought to 1–

2 (with 10% aqueous NaHSO4 solution), and the solution was extracted with ethyl acetate (3 

× 50 mL). The combined organic layers were washed with a saturated aqueous Na2CO3 

solution (3 × 20 mL) and subsequently with water (3 × 20 mL), dried over Na2SO4, and 

evaporated to dryness. The products were directly used for the next step.

Deprotection: Removal of the tert-Butyloxycarbonyl (Boc) Protective Group

The Boc-protected amides 13a–c, 14a–c, or 15a (3–4 g, the whole amount of the Boc-

protected amide except for a small sample for analytical purposes) were dissolved in 8 mL 

of a dry 4 N HCl solution in dioxane and stirred for 2 h at room temperature. The 

corresponding products 16a–c, 71a–c, and 18a were precipitated as hydrochlorides by the 

addition of 50 mL of diethyl ether, filtered off, and thoroughly washed with diethyl ether (3 

× 50 mL).

p-(Aminomethylcarboxamido)benzylphosphonic Acid Diethyl Ester 
Hydrochloride (16a)—Yield over two steps, 3.0 g, 90%; mp 197 °C. 1H NMR (500 MHz, 

DMSO-d6) δ 10.84 (s, 1H, CONH), 8.35 (br s, 3H, NH3
+), 7.56 (d, 2H, 3J = 8.20 Hz, 2 × 

CHortho, benzylphosphonate), 7.13 (dd, 2H, 3J = 8.55 Hz and 4J = 2.55 Hz, 2 × CHmeta, 

benzylphosphonate), 4.02–3.94 (2q, 4H, 2 × O–CH2), 3.77 (br s, 2H, N–CH2, 

methylcarboxamide), 3.15 (d, 2H, 2JH,P = 21.45 Hz, CH2–P, benzylphosphonate), 1.22 (t, 

6H, 2 × CH3). 13C NMR (125 MHz, DMSO-d6) δ 164.8 (C═O), 137.0 (Cpara, 

benzylphosphonate), 130.3 (2 × Cortho, benzylphosphonate), 127.6 (d, 2JC,P = 9.2 Hz, Cipso, 

benzylphosphonate), 119.2 (2 × Cmeta, benzylphosphonate), 61.5 (2 × OCH2), 41.1 (N–CH2, 

methylcarboxamide), 31.9 (d, 1JC,P = 137.8 Hz, CH2–P, benzylphosphonate), 16.4 and 16.3 

(2 × CH3). 31P NMR (202 MHz, DMSO-d6) δ 26.9.
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General Procedure for the Synthesis of Final Products 19a–c, 10a–c, 21a, 22a–c, and 23a–
c. Synthesis of 2′,3′-p-Methoxybenzylideneadenosine-5′-carboxylic Acid Amides

Under an argon atmosphere, 2′,3′-p-methoxybenzylideneadenosine-5′-carboxylic acid 8a (1 

mmol, 399 mg) was dissolved in a mixture of 2 mL of dry DMF and 0.4 mL of dry 

diisopropylethylamine at room temperature. The appropriate coupling reagent (see below) 

(1.1 mmol, HBTU 428 mg, HCTU 455 mg, PyBOP 570 mg) and 1-hydroxybenzotriazole 

(1.1 mmol, 149 mg) was dissolved in 2 mL of dry DMF, and after 1 min compound 16a, 

16b, 16c, 17a, 17b, or 17c (2 mmol), dissolved in a mixture of dry DMF (2 mL) and 

diisopropylethylamine (0.5 mL), was added via a syringe to the solution. Vigorous stirring 

was continued for 24 h at room temperature. The volatiles were removed in vacuo at 40 °C, 

and the residue was purified by silica gel column chromatography using dichloromethane/

methanol (40:1) as eluent. The solvent was removed by rotary evaporation at 40 °C, and the 

product was recrystallized from diethyl ether (20 mL).

Synthesis of 2′,3′-p-Methoxybenzylideneuridine-5′-carboxylic Acid Amides

Under an argon atmosphere 2′,3′-p-methoxybenzylideneuridine-5′-carboxylic acid 8b (1 

mmol, 376 mg), the proper coupling reagent (see experimental part) (1.1 mmol, HBTU 428 

mg, HCTU 455 mg, PyBOP 570 mg) and 1-hydroxybenzotriazole (1.1 mmol, 149 mg) were 

dissolved in 2 mL of dry DMF at room temperature. Then diisopropylethylamine (1.1 mmol, 

143 mg) and, after 1 min, compound 16a, 16b, 16c, 17a, 17b, 17c, or 18a (2 mmol), 

dissolved in a mixture of dry DMF (2 mL) and diisopro-pylethylamine (0.5 mL) was 

sequentially added to the solution via a syringe. Reaction times and workup procedure were 

the same as for 2′,3′-p-methoxybenzylideneadenosine-5′-carboxylic acid amides.

The compounds were directly used in the following step.

Deprotection: Removal of the p-Methoxybenzylidene Protecting Group

Deprotection of the ribose moiety was performed by stirring 2′,3′-p-

methoxybenzylidenenucleoside-5′-carboxylic acid amides (100 mg) in a mixture of 

dichloromethane (3 mL), trifluoroacetic acid (0.15 mL), and water (0.1 mL) at room 

temperature. After 2 h, the crude product was precipitated by the addition of diethyl ether 

(50 mL), and the suspension was stirred for 1 h. The product was collected by filtration, 

dissolved in 7 mL of a mixture of water/methanol (75:25), and purified on a C-18 column by 

RP-HPLC using a gradient of water/methanol from 75: 25 to 0:100. The final products were 

isolated by lyophilization. Yields were determined over two steps, after amide coupling and 

removal of the p-methoxybenzylidene group.

4-[2-((2S,3R,4S,5R)-5-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-
dihydroxytetrahydrofurane-2-carboxamido)ethylamido-]benzylphosphonic 
Acid Diethyl Ester (19a)—Coupling reagent used in the synthesis was HCTU. Yield over 

two steps, 310 mg, 57%; mp 159 °C. 1H NMR (500 MHz, MeOD) δ 8.18 (d, 1H, 3J = 7.90 

Hz, H-6), 7.58 (d, 2H, 3J = 8.85 Hz, 2 × CHortho, benzylphosphonate), 7.31 (dd, 2H, 3J = 

8.80 Hz and 4J = 2.80 Hz, 2 × CHmeta, benzylphosphonate), 6.02 (d, 1H, 3J = 6.30 Hz, 

H-1′), 5.78 (d, 1H, 3J = 8.20 Hz, H-5), 4.51 (d, 1H, 3J = 3.20 Hz, H-4′), 4.47 (dd, 1H, 3J = 

5.05 Hz and 3J = 5.95 Hz, H-2′), 4.41 (dd, 1H, 3J = 3.20 Hz and 3J = 5.05 Hz, H-3′), 4.19–
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4.01 (AB-system with A d and B d, partially overlapping with 2 × O-CH2, 2H, 2J = 16.35 

Hz, N–CH2, ethylamide), 4.09–4.01 (2q, 4H, 2 × O–CH2), 3.25 (d, 2H, 2JH,P = 21.45 Hz, 

CH2–P, benzylphosphonate), 1.29 (t, 6H, 2 × CH3). 13C NMR (125 MHz, MeOD) δ 173.2 

(C═O), 169.5 (C═O), 166.4 (C-4), 153.1 (C-2), 144.3 (C-6), 138.9 (Cpara, 

benzylphosphonate), 131.7 (2 × CHortho, benzylphosphonate), 128.7 (d, 2JC,P = 9.4 Hz, 

Cipso, benzylphosphonate), 121.5 (2 × CHmeta, benzylphosphonate), 103.5 (C-5), 92.2 

(C-1′), 85.3 (C-4′), 74.9 (C-2′), 74.1 (C-3′), 64.1 and 64.0 (2 × O-CH2), 43.9 (N–CH2, 

ethylamide), 33.4 (d, 1JC,P = 137.6 Hz, CH2–P, benzylphosphonate), 17.0 and 16.9 (2 × 

CH3). 31P NMR (202 MHz, MeOD) δ 26.7. LC/ESI-MS: negative mode 539.3 ([M – H]−), 

positive mode 541.0 ([M + H]+). Anal. (C22H29N4O10P · 4.25H2O) C, H, N.

Biochemical Assays. Membrane Preparation Containing Expressed Human NTPDase2

The NTPDase2 cDNA cloned from human small cell lung carcinoma and inserted in a 

pcDNA3 vector was used to transfect human embryonic kidney (HEK293) cells. Stably 

transfected cells were obtained by geneticin selection as described.22 Membranes were 

prepared from stably transfected cells harvested from 10–15 10-cm plates by differential and 

sucrose gradient centrifugation as described.22

Cell Transfection with Human NTPDases 1, 3, 8 and Membrane Preparation

COS-7 cells were transfected in 10 cm plates using Lipofectamine (Invitrogen), as 

previously described.59 Briefly, 80–90% confluent cells were incubated for 5 h at 37 °C in 

Dulbecco’s modified Eagle medium (DMEM) in the absence of fetal bovine serum (FBS) 

with 6 μg of the appropriate plasmid DNA and 24 μL of Lipofectamine reagent. The reaction 

was stopped by the addition of an equal volume of DMEM containing 20% FBS, and the 

cells were harvested 40–72 h later. For the preparation of protein extracts, transfected cells 

were washed three times with Tris-saline buffer at 4 °C, collected by scraping in the 

harvesting buffer (95 mM NaCl, 0.1 mM phenylmethanesulfonyl fluoride (PMSF) and 45 

mM Tris at pH 7.5), and washed twice by 300g centrifugation for 10 min at 4 °C. Cells were 

resuspended in the harvesting buffer containing 10 mg/mL aprotinin and sonicated. Nucleus 

and cellular debris were discarded by centrifugation at 300g for 10 min at 4 °C, and the 

supernatant (crude protein extract) was aliquoted and stored at –80 °C until used for activity 

assays. The protein concentration was estimated by the Bradford microplate assay using 

bovine serum albumin as a standard.60

Capillary Electrophoresis (CE) Instrumentation

All experiments were carried out using a P/ACE MDQ capillary electrophoresis system 

(Beckman Instruments, Fullerton, CA) equipped with a UV detection system coupled with a 

diode array detector (DAD). Data collection and peak area analysis were performed by the 

P/ACE MDQ software 32 KARAT obtained from Beckman Coulter. The capillary and 

sample storing unit temperature was kept constant at 25 °C. The electrophoretic separations 

were carried out using an eCAP polyacrylamide-coated fused-silica capillary [(30 cm (20 

cm effective length) × 50 μm internal diameter (i.d.) × 360 μm outside diameter (o.d.), 

obtained from CS-Chromatographie (Langerwehe, Germany)]. The separation was 

performed using an applied current of –60 μA and a data acquisition rate of 8 Hz. Analytes 

were detected using direct UV absorbance at 210 nm. The capillary was conditioned by 
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rinsing with water for 2 min and subsequently with buffer (phosphate 50 mM, pH 6.5) for 1 

min. Sample injections were made at the cathodic side of the capillary.

Determination of NTPDase Inhibition

Enzyme inhibition assays were carried out at 37 °C in a final volume of 100 μL. The 

reaction mixture contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 10 

mM Hepes, pH 7.4, and 400 μM ATP. Different concentrations of inhibitors dissolved in 

water or containing 1% DMSO in cases of low water solubility when a stock solution could 

not be prepared in water (10 μL) were added, and the reaction was initiated by the addition 

of 10 μL of the appropriately diluted membrane preparations containing human NTPDase1, 

NTPDase2, NTPDase3, or NTPDase8. The mixture was incubated for 10 min, and the 

reaction was terminated by heating at 99 °C for 5 min. Aliquots of the reaction mixture (50 

μL) were then diluted 10-fold with water containing UMP (final concentration 20 μM) as an 

internal standard, transferred to mini-CE vials, and injected into the CE instrument under the 

conditions described above. Each analysis was repeated three times (triplicates) in two 

separate experiments. Control experiments were performed using membrane preparations of 

cells transfected with the empty plasmid (pcDNA3). The Cheng–Prusoff equation was used 

to calculate Ki values from the IC50 values, determined by the nonlinear curve-fitting 

program PRISM 3.0 (GraphPad, San Diego, CA), assuming a competitive inhibition 

mechanism. Km values were as follows: 17 μM (NTPDase1), 70 μM (NTPDase2), 75 μM 

(NTPDase3), and 81 μM (NTPDase8).8,47

For the determination of the mechanism of inhibition, the enzymatic reaction of NTPDase2 

was monitored as described above using different concentrations of ATP as a substrate (12.5, 

25, 50, 125, 250, and 1000 μM) in the absence and presence of the inhibitor 19a (0, 5, and 

10 μM). The curves were analyzed by PRISM 3.0 and transformed to obtain a Lineweaver–

Burk plot.

Stability and Metabolism Studies. Preparation of Solutions and Rat Liver Microsomes

The intestinal environment was simulated with 0.001 N aqueous sodium hydroxide solution 

(pH 11). Simulated gastric acid was prepared as previously described:53,54 pepsin (3.20 g), 

NaCl (2.0 g), and HCl (1 M, 80 mL) were mixed with distilled water to obtain 1000 mL, and 

the resulting solution was stored at 4 °C. Rat liver microsomes were prepared as described 

with slight modifications:53,55,61 fresh rat liver (6.5 g) was homogenized in 30 mL of freshly 

prepared Dulbecco’s phosphate buffered saline (DPBS) consisting of 132.5 mg of CaCl2 · 

2H2O, 100 mg of MgCl2 · 6H2O, 200 mg of KCl, 200 mg of KH2PO4, 8000 mg of NaCl, 

and 1500 mg of Na2HPO4 in a total volume of 1000 mL, pH 7.2, and centrifuged at 9000g 
for 30 min at 4 °C. The supernatant, which contained the soluble microsomes, was carefully 

decanted and stored at –80 °C until used. The protein concentration was 18 mg/mL as 

determined by the method of Bradford.60

LC–MS Analyses

HPLC was performed on a C18 column (50 mm × 2 mm, particle size 3 μm, Phenomenex 

Luna) using a mixture of H2O (solvent A) and MeOH (solvent B) containing 20 mM of 

NH4OAc as eluent at a flow rate of 250 μL/min. Mass spectra were recorded on an API 2000 
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mass spectrometer (electron spray ion source, Applied Biosystems, Darmstadt, Germany) 

coupled with an HPLC system (Agilent 1100, Böblingen, Germany). Data were collected 

and analyzed by Analyst Software, version 1.3.1. The separation was carried out at room 

temperature by gradient elution. The elution was started with a mixture of solvent A and 

solvent B (90:10, v/v) up to 15 min. Subsequently only solvent B was used up to 30 min. 

The limit of detection (LOD), defined as the lowest analyte concentration with a signal-to-

noise (S/N) ratio of 3, was determined for compounds 19a and 19c to be approximately 0.1 

μg/mL.

Stability in Basic Solution and in Artificial Gastric Acid

Stock solutions (2 mM) of 19a and 19c in H2O containing 20 mM NH4OAc were prepared, 

and 10 μL aliquots were incubated for 2 or 24 h with 990 μL of either 0.001 N aqueous 

NaOH solution or simulated gastric acid at 37 °C and subsequently analyzed by LC–MS. No 

degradation products were detectable by sensitive LC–MS analysis.

Metabolism by Rat Liver Microsomes

Compounds 19a and 19c were incubated with rat liver microsomes (6 mg of protein per vial) 

at a concentration of 100 μM in a final volume of 1 mL. The solution contained an NADPH 

regenerative system consisting of NADP (0.57 mM), NADH (0.57 mM), isocitrate (6.4 

mM), isocitrate dehydrogenase (0.57 mM), and MgCl2 (23.4 mM) (pH 7.2).62 The samples 

were incubated for 2 h at 37 °C in a water bath and subsequently heated at 99 °C for 3 min 

to stop the enzymatic reaction. After centrifugation at 14000g, the supernatant was analyzed 

by LC–MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of standard ectonucleotidase inhibitors.
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Figure 2. 
Target structures: adenine and uracil nucleotide mimetics.
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Figure 3. 
Concentration–inhibition curves of selected inhibitors at NTPDase2. The enzyme assays 

were performed in a final volume of 100 μL using a substrate (ATP) concentration of 400 

μM (Km = 70 μM). Product formation was determined by capillary electrophoresis as 

described in the Experimental Section. Data points represent the mean ± SEM from two 

separate experiments each performed in triplicate. Determined IC50 values were 42 μM 

(19a), 101 μM (20c), and 374 μM (20a). Calculated Ki values were 8.2 μM (19a), 29.2 μM 

(20c), and 71.7 μM (20a).
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Figure 4. 
Lineweaver–Burk plot for NTPDase2 kinetics in the absence and in the presence of two 

different concentrations of the inhibitor 19a (5 and 10 μM).
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Scheme 1. 
Synthesis of 2′,3′-Protected Nucleoside-5′-Carboxylic Acidsa

a Reagents and conditions: (a) p-methoxybenzaldehyde, ZnCl2, dry THF, room temp, 48 h; 

(b) TEMPO, bis(acetoxy)iodobenzene, H2O/MeCN = 1:1, room temp, 3 h.
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Scheme 2. 
Synthesis of ω-Aminoalkylcarboxamidoalkyl- and ω-Aminoalkylcarboxamido-p-benzyl-

Substituted Phosphonic Acid Diethyl Estersa

a Reagents and conditions: (a) dry THF, N-methylmorpholine, ClCO2CH2CH(CH3)2, –25 °C 

to room temp, 3 h; (b) 4 N HCl in dry dioxane, room temp, 2h.
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Scheme 3. 
Synthesis of Nucleoside-5′-Carboxamides and Deprotection of the 2′,3′-Positiona

a Reagents and conditions: (a) (i) coupling reagent (PyBOP, HCTU, or HBTU; see 

Experimental Section), diisopropylethylamine, DMF, room temp, 12 h, (ii) silica gel flash 

chromatography, CH2Cl2/MeOH = 40:1; (b) (i) 3–5% TFA, CH2Cl2, H2O, 2 h, room temp, 

(ii) C-18 RP-HPLC, gradient of MeOH/H2O = 25:75 to 100:0.
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Scheme 4. 
Proposed Metabolization of Compounds 19a and 19c by Rat Liver Homogenate
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Scheme 5. 
Amide Hydrolysis of Compound 19a
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