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a b s t r a c t

P2Y nucleotide receptors (P2YRs) are attractive pharmaceutical targets. Most P2YR agonists proposed as
drugs consist of a nucleotide scaffold, but their use is limited due to their chemical and enzymatic
instabilities. To identify drug candidates, we developed non-hydrolyzable P2YR agonists. We synthesized
ATP-b,g-CH2 analogues 2–4, and evaluated their chemical and metabolic stabilities and activities at
P2Y1,2,4,6 receptors. Analogues 2–4 exhibited t1/2 values of 14.5–65 h in gastric juice pH. They were
completely resistant to alkaline phosphatase for 30 min at 37 �C and slowly hydrolyzed in human blood
serum (t1/2 12.7–71.9 h). In comparison to ATP, analogues 2–4 were barely hydrolyzed by nucleoside
triphosphate diphosphohydrolases, NTPDase1,2,3,8 (<8% hydrolysis), and nucleotide pyrophosphatases,
NPP1,3 (�10% hydrolysis). Analogues 2 and 4B were selective agonists of the P2Y1R with EC50s of 0.08
and 17.2 mM, respectively. These features make analogues 2 and 4B potential therapeutic agents for
health disorders involving the P2Y1R.

� 2008 Elsevier Masson SAS. All rights reserved.
1. Introduction

The members of the P2 receptor (P2R) superfamily, consisting of
ligand-gated ion channels (P2XRs) and G protein-coupled receptors
(P2YRs), are activated by the endogenous extracellular nucleotides
ATP, ADP, UTP, UDP or UDP-glucose [1,2]. In addition, P2 receptors
are activated by several dinucleoside polyphosphates (i.e., dinu-
cleotides) [3,4].

P2YRs are attractive pharmaceutical targets due to their
involvement in the modulation of various functions in many tissues
and organs under both normal and pathophysiological conditions
[5–7]. Currently, most P2YR agonists proposed as drugs consist of
a nucleotide scaffold [1,2,5,7,8]. Yet, the nucleotide scaffold is
enzymatically and chemically unstable.

Approaches to overcome the inherent instability of nucleotide-
based drug candidates include the use of: (1) dinucleotides that are
metabolically more stable than the corresponding nucleotides; (2)
non-nucleotide P2R ligands; (3) nucleotide pro-drugs; and (4)
isoster-based non-hydrolyzable nucleotides.

The first approach is rather promising and indeed several
dinucleotides have been administered in pre-clinical trials. For
instance, Ap4A, Up4U and Up4dC have been proven effective for
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lowering blood pressure during anesthesia, and as a treatment for
dry eye disease, cystic fibrosis and retinal detachment [9–12].

The second approach has been successful in the case of
Clopidogrel (Plavix�, Sanofi-Synthelabo/BMS), a platelet anti-
aggregating agent used for the prevention of secondary vascular
events [13], which is the only P2R targeting drug currently in the
market. Clopidogrel, acting as a P2Y12 receptor antagonist [14,15], is
a non-nucleotide.

The third approach involves the preparation of masked triester
nucleotide pro-drugs. Such pro-drugs, e.g., the anti-HIV nucleoside
analogue d4T, proved membrane permeable and are converted into
the active nucleotide within the cell [16–19].

Only a few attempts to improve the stability of nucleotide-based
drug candidates (for use as either enzyme inhibitors or receptor
ligands) by the bioisoster approach have been reported [20–28].

Previously, we have developed a series of potent and selective
P2Y1R agonists based on boranophosphate isosters of ATP analogues
(adenosine-50-a-borano-triphosphate, ATP-a-B, analogues) [29,30].
These analogues proved highly stable at physiological pH and rela-
tively stable at pH 1.4 and 37 �C [30]. Furthermore, these agonists
were relatively resistant to hydrolysis by members of the ecto-
nucleoside triphosphate diphosphohydrolase family of ecto-nucle-
otidases (e-NTPDase) [30] and proved to be highly potent insulin
secretagogues at perfused rat pancreas [31]. The most effective
agonist was 2-MeS–ATP-a-B (B¼ BH3), 1, which induced a ninefold
enhancement of insulin secretion as compared to basal secretion,
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with an EC50 of 28 nM [31]. The insulin-releasing action of
2-MeS–ATP-a-B was glucose dependent, which suggested this
compound may be a drug candidate for treatment of type-2 dia-
betes. However, the observation that this compound is unstable to
alkaline phosphatase (see Section 2), disqualified 2-MeS–ATP-a-B
from further use. Therefore, here we targeted the fourth approach of
developing bioisoster-based non-hydrolyzable P2YR agonists to
identify potential drug candidates.

The major degradation modes of extracellular nucleoside-
50-triphosphates involve enzymatic cleavage of the b,g-phospho-
diester bond (e.g., by NTPDases and alkaline phosphatases) or the
a,b-phosphodiester bond (e.g., by ecto-nucleotide pyrophospha-
tases/phosphodiesterases, e-NPPs) [32,33]. To confer metabolic
stability to these labile phosphodiester bonds in 1, we designed
a series of potential P2YR agonists, 2–4. These ATP analogues bear
the following modifications: 2 [21] – 2-MeS- and b,g-CH2 groups, 3
– a-BH3 and b,g-CH2 groups, and 4 – 2-MeS-, b,g-CH2, and a-BH3

groups. In this way, we expected to define a comprehensive
structure–activity relationship.

Here, we report on the synthesis and characterization of
analogues 2–4, the evaluation of their chemical stability in acidic
pH mimicking gastric juice (pH 1.4 and 37 �C), their resistance to
hydrolysis by the major ecto-nucleotidases namely:
NTPDase1,2,3,8, NPP1,3, and alkaline phosphatase, their stability in
human blood serum, and their activity at P2Y1,2,4,6 receptors.
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2. Results

2.1. Design of non-hydrolyzable P2YR agonists

Non-hydrolyzable nucleoside polyphosphate analogues have
been used extensively as probes and inhibitors of nucleotide
hydrolyzing enzymes [34–36]. Replacing a b,g bridging oxygen in
ATP with a methylene group (i.e., b,g-CH2–ATP) confers significant
resistance to hydrolysis by nucleotide phosphohydrolases. For
instance, b,g-CH2–ATP was identified as an inhibitor of glycerol
kinase [37] and the 50-b,g-CF2-TP moiety in 30-azido-30-deoxy-
thymidine-50-b,g-CF2-triphosphate (AZT-50-b,g-CF2-TP) rendered
AZT, a potent inhibitor of human immunodeficiency virus-reverse
transcriptase (HIV-RT), stable in serum and cell extracts [38].
Likewise, b,g-CH2–ATP selectively inhibited ATP hydrolysis cata-
lyzed by NTPDases as well as NPPs [39,40].

b,g-CH2–ATP and analogues have been evaluated as metaboli-
cally stable ligands for certain P2 receptor sub-types [35,41–45]. For
instance, b,g-CH2–ATP was found to be a P2X1R agonist [46,47], but
a weak agonist at P2X2/3Rs [35]. b,g-CH2–ATP did not activate
P2Y1Rs [46,47], and was rather a weak competitive antagonist at
the P2Y1R that inhibited responses elicited by 2-MeS–ADP [48].

Although hydrolytically stable in enzymatic asssays, b,g-CH2–
ATP was rapidly metabolized to adenosine in 1321N1 astrocytoma
and C6 glioma cells by tightly coupled reactions involving serial
catalysis by NPPs (b,g-CH2–ATP / AMP) and CD73, ecto-50-nucle-
otidase (AMP / adenosine) [39].

We were aware of the advantage of the b,g-methylene group as
a stabilizing isoster in b,g-CH2–ATP against NTPDase-mediated
hydrolysis, yet, we realized it would not protect the labile
a,b-phosphodiester bond. Furthermore, we suspected that this
methylene isoster would reduce activity of the nucleotide at the
P2Y1R, as mentioned above for b,g-CH2–ATP. Therefore, in addition
to the b,g-CH2-group selected to protect this hydrolytically labile
bond in ATP [40], the a-phosphate was substituted by a bor-
anophosphate moiety to stabilize the a,b-phosphodiester bond of
ATP against hydrolysis by NTPDases [49] and NPPs. To counteract
the effect of the b,g-methylene group and to enhance potency at
P2Y1R, we substituted the C2-position of ATP with an MeS group
[50]. The latter substitution also protects 2-MeS–ATP against
hydrolysis by NTPDases [40].

2.2. Synthesis

Several chemical methods have been developed to form the
pyrophosphonate bond in nucleotides. Nucleotide analogues in
which the b,g-bridging oxygen is substituted by a methylene group
are conventionally prepared via the activation of the 50-phosphate
of nucleoside-50-monophosphate (NMP) to form a phosphoryl
donor followed by a reaction with methylene bisphosphonate salt
(phosphoryl acceptor). Anhydrides of nucleoside-50-mono-
phosphates and methylene bisphosphonate were prepared by
activation of NMP with carbonyl diimidazole (CDI) [51], trifluoro-
acetic anhydride and N-methylimidazole [52], or dicyclohex-
ylcarbodiimide (DCC) [53] followed by condensation with
methylene bisphosphonic acid or its salt.

2-MeS-b,g-CH2–ATP, 2, was previously obtained in a 3-step
synthesis: first preparation of 2-MeS–AMP, then activation of this
AMP analogue with carbonyl diimidazole, and finally reaction with
methylene–diphosphonic acid [21]. The conditions for these reac-
tions and the product yields were not reported. Therefore, we
attempted to improve the synthesis of this compound and to
propose a short one-pot synthesis (steps a–c in Scheme 1).

To ensure a selective reaction of 2-MeS–adenosine [54] at 50-OH,
we used 20,30-methoxymethylidene-2-MeS–adenosine, 5a, as the
starting material. Thus, 5a was first treated with POCl3 in trime-
thylphosphate (TMP) in the presence of proton sponge at 0 �C for
2 h, followed by the addition of bis(tributylammonium) methylene-
diphosphonate and tributylamine at 0 �C for 1 h. Finally, hydrolysis
of the cyclic intermediate 7a in 0.5 M TEAB and deprotection of the
methoxymethylidene group generated 2 at a 35% overall yield (four
synthetic steps).

The use of the non-protected nucleoside 5b as a starting
material proved less useful. Indeed, treatment of 5b with POCl3 in
TMP (in the presence of proton sponge) at 0 �C for 2 h, followed by
addition of bis(tributylammonium) methylene-diphosphonate and
tributylamine at 0 �C for 25 min, and finally, hydrolysis of the cyclic
intermediate 7b in 0.5 M TEAB, yielded product 2 at a 20% overall
yield. The major by-product was 2-MeS–AMP and no 20,30-cyclic-
phosphate-2-MeS-(b,g-CH2–ATP) was obtained (i.e., no signal was
observed at þ20 ppm).

Previously, we have developed an efficient four-step, one-pot
synthesis of analogue 1 [30]. Here, we have modified the synthesis
for the preparation of 3 and 4, as outlined in Scheme 2. The use of
phosphitylation and boronation reagents in the synthetic method
(Scheme 2) required protected nucleoside as starting material. For
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Scheme 1. Reaction conditions with 5a: (a) trimethylphosphate, POCl3, proton sponge, 0 �C, 2 h; (b) 0.5 M bis(tributylammonium)methylene diphosphonate in dry DMF, Bu3N, 0 �C,
1 h; (c) 0.5 M TEAB, pH¼ 7, RT, 1 h; and (d) (1) 18% HCl, pH 2.3, RT, 3 h; and (2) 24% NH4OH, pH 9, RT, 45 min. Reaction conditions with 5b: (a) trimethylphosphate, POCl3, proton
sponge, 0 �C, 2 h; (b) 1 M bis(tributylammonium)methylene diphosphonate in dry DMF, Bu3N, 0 �C, 25 min; and (c) 0.5 M TEAB, pH 7, RT, 0.5 h.

S.E. Eliahu et al. / European Journal of Medicinal Chemistry 44 (2009) 1525–1536 1527
this purpose, we have protected the nucleoside 20,30-hydroxyls with
a methoxy-methylidene group, which remained stable throughout
the entire synthesis and was efficiently removed in the last step.

The first synthetic step included phosphitylation of the 50-OH of
compound 9. For this purpose, we have tried several phosphityla-
tion reagents. Thus, 9 was treated with [(iPr)2N]2PCl at 0 �C for
several hours, however, most of the starting materials were not
consumed even after 14 h at RT. With chlorobenzo-dioxaphos-
phorine, most of the starting material 9 was consumed after 15 min
at RT. However, upon the addition of 1.5 equiv. of methylene-
bisphosphonate at RT for 10 min and 10 equiv. of BH3$SMe2 at RT
for 30 min, only traces of product 3 were obtained. Finally, PCl3 was
found to be the best phosphitylating agent. Starting material 9 was
consumed in less than 30 min. Furthermore, due to the high reac-
tivity of PCl3, the coupling to methylene-bisphosphonate salt was
rather rapid (11 min). Finally, BH3$SMe2 was added at 0 �C and then
the reaction mixture was stirred at RT for 30 min. These conditions
provided the product 3 at a 36% yield after LC separation. In addi-
tion to 3, AMP-a-BH3 and adenosine-50-H-phosphonate were
obtained as by-products in a ratio of 1:0.46:w1, respectively. These
by-products were identified by both 31P NMR and MS (electrospray
ionization).

Product 4 was obtained from 5a in the same way at a 28% overall
yield after LC separation.

The identity and purity of the products were established by 1H
and 31P NMR, ESI or FAB mass spectrometry, and HPLC in two
solvent systems. 31P NMR spectra of products 3 and 4 showed
a typical Pa signal as a multiplet at about 83 ppm. 1H NMR spectra
of 3 and 4 showed borane hydrogen atoms as a very broad signal at
about 0.4 ppm.

Due to the chiral center at Pa, analogues 3 and 4 are each
obtained as a pair of two diastereoisomers in a 1:1 ratio. In both 1H
and 31P NMR spectra, there was a slight difference between the
chemical shifts for the two diastereoisomers of 3 and 4. For
instance, for 3 diastereoisomers, two sets of signals were observed
for H8, at 8.59 and 8.56 ppm.
These isomers were well separated by reverse-phase HPLC with
about 2 min difference in their retention times. The first eluting
isomer was designated the A isomer, and the other was designated
the B isomer.

2.3. Stability of analogues 2–4 to chemical hydrolysis

To explore the suitability of analogues 2–4 as potential drug
candidates, we first evaluated their hydrolytic stability.

As 2-MeS–ATP-a-B, 1, was found to be highly stable at physio-
logical pH (t1/2 1395 h) [30], we assumed that analogues 2–4 will be
practically non-hydrolyzable at this pH, and have evaluated them
only at acidic pH mimicking gastric juice acidity (pH 1.4/37 �C). The
hydrolytic stability of b,g-CH2–ATP analogues 2–4 was monitored
by either 31P NMR spectroscopy or HPLC–MS.

Thus, 31P NMR spectra of 2 tetrakis(triethylammonium) salt, in
KCl/HCl buffer (in H2O), pH 1.4, were recorded for 12 days at ca. 24 h
intervals at 37 �C (Fig. 1A). Under these conditions, compound 2
exhibited relatively high stability.

In addition to the starting material 2, increasing amounts of
2-MeS–AMP were observed with time (Scheme 3A). Thus, the
signal at 0 ppm (Pa of 2-MeS–AMP) has gradually emerged,
whereas the signal at �11 ppm (Pa of 2) has decreased with time.
The intensity changes of the 31P NMR signal of the Pa of 2-MeS–
AMP (as a percentage of total Pa integration of 2-MeS-b,g-CH2–ATP
and 2-MeS–AMP) with time were fit to a pseudo-first-order
exponential decay rate equation with respect to the concentration
(%) of 2. The half-life determined at pH 1.4/37 �C for 2 was 65 h
(Fig. 1B).

The hydrolysis rate constant for 3 (B-isomer), determined at pH
1.4/37 �C, was based on the HPLC integration changes of the 3B
peak with time (Fig. 2A and B), fit to a pseudo-first-order expo-
nential decay rate equation. Specifically, hydrolysis of 3B in 0.2 M
HCl/KCl at 37 �C was monitored by HPLC-electrospray ionization
(ESI) MS for 5 days at 7–17 h intervals. In addition to 3B, degrada-
tion products 14–16 were identified in the hydrolysis mixture
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(Scheme 3B). For instance, after 19 h 50% of 3B was degraded giving
rise to 37% AMP-a-B and AMP-a-H (note: both 14 and 15 appear at
the same retention time, however, MS enabled the identification of
these compounds) and 13% adenosine,16 (Fig. 2A). The composition
change of the hydrolysis mixture with time is depicted in Fig. 2C.
The half-life of 3B was 19 h. The half-life of compound 4B deter-
mined in the same way was 14.5 h (Fig. 2C).

The hydrolysis rate constants of 3 and 2 represent ca. 3- to
11-fold improvement of their chemical stability as compared to
2-MeS–ATP-a-BH3, 1, under the same conditions (t1/2 of 5.9 h) [30].

2.4. Resistance of analogues 2, 4 to hydrolysis
in human blood serum

The usage of nucleoside-50-triphosphates for therapeutic
purposes is limited due to their rapid dephosphorylation in
extracellular media. The extracellular concentration of synthetic
nucleotides is probably regulated through hydrolysis by ecto-
ATPases as for extracellular ATP (and re-synthesis by ecto-nucleo-
tide diphosphokinases) [45,55–57]. Four major families of ecto-
nucleotidases have been identified [45]: (1) the ecto-nucleoside
triphosphate diphosphohydrolases (NTPDases); (2) the ecto-
nucleotide pyrophosphatases/phosphodiesterases (NPPs); (3) the
glycosylphosphatidylinositol (GPI)-anchored ecto-50-nucleotidase;
and (4) the GPI-anchored alkaline phosphatase (AP). NTPDase1,2,3,8,
which are cell surface enzymes, degrade extracellular ATP to ADP
and ADP to AMP releasing inorganic phosphate(s), while e-NPP1-3
hydrolyze ATP directly to AMP and pyrophosphate. Extracellular
AMP, in turn, can be degraded to adenosine by ecto-alkaline
phosphatase [45] and ecto-50-nucleotidase [58].

Blood serum contains dephosphorylating enzymes and, there-
fore, provides a good model system to study the stability of
nucleotide analogues for in vivo.

Previous studies have applied human blood serum [59] and
muscle strip preparations [21] to evaluate the in vivo metabolic
stability of phosphonate modified dNTP analogues. These
analogues displayed enhanced stability towards dephosphorylating
enzymes in these systems. For instance, in muscle strip prepara-
tions, no degradation of b,g-CH2–ATP and 2-MeS-b,g-CH2–ATP by
ecto-50-nucleotidases was detected after 60 min incubation, during
which time ATP was completely dephosphorylated.

Here, we determined the half-lives of analogues 2, 4 in human
blood serum. Analogues 2, 4 were incubated in human blood serum
and RPMI-1640 at 37 �C for 1–144 h, and their hydrolysis was
compared to that of ATP under the same conditions (Method A or B,
see Section 4). The stability of the nucleotide was evaluated by
HPLC, and peak retention times were compared to standards, for
monitoring of possible dephosphorylation products.
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ATP was hydrolyzed (to ADP and AMP) with a half-life of 3.6 h
(Method A, Fig. 3). Under the same conditions, 2 was hydrolyzed
mostly to the corresponding nucleoside-50-monophosphate with
a half-life of 12.7 h. Typical hydrolysis data in human blood serum
are shown for compound 2 (Fig. 4). Compound 4B was hydrolyzed
with a half-life of 71.9 h (Method B). Compound 4A was completely
resistant to enzymatic hydrolysis for at least 6 days. Under these
conditions (Method B), ATP was hydrolyzed with a half-life of 7.7 h.

These half-life values for compounds 2 and 4 represent at least
a 3.5- to 20-fold substitution-dependent enhancement of the
metabolic stability of ATP.

2.5. Analogues 2–4 are poor substrates of ecto-nucleotidases

The significant enhancement of the metabolic stability of
analogues 2–4 in human blood serum, prompted us to explore their
resistance to hydrolysis at isolated ecto-nucleotidases – alkaline
phosphatase, NTPDases, and NPPs.

Previously, we have found that 1 was susceptible to hydrolysis
by alkaline phosphatase degrading largely to 2-MeS–AMP-a-BH3,
although small amounts of 2-MeS–ADP-a-BH3 could be detected as
well (Fig. 5). Specifically, after incubating 1 (A-isomer) with alkaline
phosphatase for 12 min at 37 �C, only 40% of 1A remained. After
100 min, only traces of 1A could be detected by HPLC–MS.

Therefore, to compare the hydrolytic resistance to alkaline
phosphatase of analogue 1A to analogues 2, 3A,B, and 4A,B, we
incubated the analogues with the enzyme for 30 min at 37 �C. HPLC
analysis of the enzymatic reaction mixture indicated that analogues
2–4 remained completely intact under these conditions (data not
shown).

NTPDase1, 2, 3 and 8 and NPP1 and 3 are the major enzymes
responsible for the hydrolysis of extracellular nucleotides. In
comparison to the physiological substrate ATP, analogues 2–4 were
hardly hydrolyzed by NTPDases (Table 1). Among these analogues,
2 was hydrolyzed by human NTPDase1, 3 and 8 at about 7–8% the
rate of ATP and by human NTPDase2, at about 2% the rate of ATP
(Table 1). NPP1 hydrolyzed 2 at 20% the rate of p-nitrophenyl-
thymidine-50-monophosphate (pnp-TMP) hydrolysis while human
NPP3 hydrolyzed 2 and 4A, at 10% of the rate of pnp-TMP hydrolysis
(Table 1). The other analogues were hydrolyzed by these ecto-
nucleotidases at less than 5% of the rate of pnp-TMP hydrolysis
(Table 1).

2.6. Analogues 2 and 4B are potent and selective agonists of the
P2Y1 receptor

The activities of analogues 2–4 were examined at the G protein-
coupled P2Y1, P2Y2, P2Y4 and P2Y6 receptors (P2Y1/2/4/6Rs)
expressed in human 1321N1 astrocytoma cells that are devoid of
endogenous P2Y receptors [60]. P2YR activities were evaluated by
monitoring increases in [Ca2þ]i induced by the analogues in 1321N1
cell transfectants expressing the indicated receptor (Table 2). The
data demonstrate that analogues 2 and 4B were agonists of the
P2Y1R with EC50s of 0.08 and 17.2 mM, respectively, as compared to
0.004 mM for 2-MeS–ADP (Table 2). These analogues were virtually
ineffective agonists of P2Y2R, P2Y4R and P2Y6R. Analogues 3A, B
and 4A had insignificant activities at all P2YRs tested. None of the
analogues antagonized the effect of equimolar concentrations of
2-MeS–ADP on P2Y1R activation, UTP on P2Y2/4R activation or UDP
on P2Y6R activation in 1321N1 cell transfectants (data not shown).

3. Discussion

Earlier reports described b,g-CH2–ATP as a non-P2Y1R-agonist
[46,47]. Here, to confer P2Y1R activity to this non-hydrolyzable ATP
analogue, we have substituted b,g-CH2–ATP at the C2-position with
an MeS group to yield analogue 2. Indeed, analogue 2 proved to be
the most potent (and selective) P2Y1R agonist tested here with an
EC50 of 80 nM.

Although analogue 2 was less potent than 2-MeS–ADP at the
recombinant P2Y1R expressed in 1321N1 cells (EC50 w4 nM) it was
equipotent to the endogenous P2Y1R agonist ADP (EC50 w100 nM)
[1]. The relatively low potency of 2 vs. 2-MeS–ADP may be related
to the increased pKa of the former caused by substituting phos-
phonates for the phosphate moieties (pKa¼ 8.4 vs. 6.5) [61]. Under
physiological conditions, i.e., pH 7.4, 91% of 2-MeS–ADP or 2-MeS–
ATP is ionized, whereas analogue 2 (containing phosphonate
moieties) is only 9% ionized. The low degree of ionization of
analogue 2 relative to 2-MeS–ADP likely results in decreased
interactions with the agonist binding-site of the P2Y1 receptor that
contains negatively charged amino acids required for ligand
binding [62–64].

Previously, we have generated a ligand-binding site model for
the P2Y1R using 2-BuS–ATP as the agonist and found that the Pb,g

moiety of this nucleotide analogue interacts with positively
charged Lys240 and Arg128 within the P2Y1R ligand-binding site
[62].

Although geometrical considerations due to differences in the
PCP vs. POP angle and C–P vs. O–P bond length may also play a role
in the molecular recognition of 2 vs. 2-MeS–ADP (ATP), these
differences are rather small (PCP and POP angles are 117.0 and 128.7
and C–P and O–P bond lengths are 1.79 and 1.63 Å, respectively)
[61]. Therefore, we believe that the major parameter determining
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the affinity and activity of 2 is the pKa value of the phosphonate
group.

Analogues 2 and 4B proved to be potent P2Y1R agonists,
whereas analogues 3A/B and 4A were practically inactive at this
receptor. The enhanced activity of 2 and 4B vs. 3A/B is probably due
to the preference of the P2Y1R ligand-binding site for the 2-MeS
moiety in 2 and 4B, consistent with the greater potency of 2-MeS–
ADP vs. the endogenous ligand ADP at the P2Y1R [29,62].

Based on our previous molecular modeling studies [62], we
proposed that the enhanced potency of 2-MeS-substituted
analogues is due to the following interactions: H-bonding inter-
actions to N1, N6, and N7 of the adenine base provided by Arg310,
Ser314 and possibly Tyr58 of the P2Y1R are likely enhanced by the
presence of the MeS group at C2. The thiomethyl group increases
the electron density at the adenine N1-position, thereby increasing
its potency as a H-bond acceptor. In addition p-stacking of the
adenine ring with Phe131 of the P2Y1R is further enhanced upon
substitution of C2 with an MeS group, by increasing the function of
the adenine ring as a charge donor in the p-stacking charge transfer
complex. Moreover, the MeS-substitution yields a more rigid fit
between the adenine moiety and the receptor in which the C2–MeS
group in 2 and 4B interacts with hydrophobic moieties within the
ligand-binding site of the P2Y1R, including Leu104, Pro105, Ile130
and Leu135.

Previously, we found that the 1A isomer was 20-fold more
potent than the 1B isomer at the P2Y1R [30]. Here, for the corre-
sponding phosphonate isoster series, we observed an opposite
diastereoselectivity, namely, the active isomer was 4B whereas 4A
showed no activity. The reason for that is not clear. It might be
related to a shift of the ligand in the P2Y1R-binding pocket and
formation of a different binding network within the receptor-
binding pocket, as compared to 1A/B-isomers, due to the absence of
ionic interactions of Pb and Pg.

We have reported that C2-substituted ATP-a-B analogues are
not well tolerated by the P2Y2R [28]. 2-Cl- and 2-MeS–ATP-a-B
were found to be very weak agonists of the P2Y2R. Therefore, our
findings here on the inactivity of analogues 2 and 4A at the P2Y2R
are consistent with these earlier reports. Inactivity of analogues 2–4
at the P2Y4/6Rs was expected, as these receptors are selective for
uracil nucleotides.
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Analogues 2–4 were hardly degraded by the sub-types of
NTPDases and NPPs responsible for the hydrolysis of extracellular
nucleotides in mammalian cells (Table 1). Furthermore, these
compounds were not inhibitors (data not shown) of human ecto-
nucleotidases. This is a significantly beneficial feature of these
analogues. Indeed, the concentration of a good P2YR agonist should
not be affected by binding to, or hydrolysis by, neighboring proteins
of the NTPDase or NPP family.

Previously, we found that A- and B-isomers of 2-MeS–ATP-a-B,
1, were hydrolyzed by NTPDase1 at 14 and 59% the rate of ATP,
respectively [30]. Here, the addition of a b,g-bridging methylene to
the scaffold of 1 significantly improved resistance to NTPDase1
hydrolysis resulting in negligible hydrolysis (0.9% of ATP) for both
4A and B isomers. Likewise, this b,g-CH2-substitution resulted in
resistance of 4A/B to hydrolysis by NTPDase2,3,8.
Furthermore, analogues 2 and 4B were also resistant to hydro-
lysis by NPP1 and 3 as compared to pnp-TMP, especially 4B that was
completely resistant to hydrolysis by NPP1 and 3. In addition,
analogues 2–4 were completely resistant to hydrolysis by alkaline
phosphatase for 30 min.

In summary, as the relative potency of ATP or ADP analogues is
usually related to their resistance to hydrolysis [65], we have
developed novel non-hydrolyzable P2Y1R agonists. Although the
EC50 values of phosphonates 2 and 4B are higher than those of the
corresponding phosphate analogues, 2-MeS–ATP and 1A [29,30],
a notable advantage of analogues 2 and 4B is their significantly
longer half-life in human blood serum or under conditions that
mimic gastric juice. These features make analogues 2 and 4B
attractive as potential selective therapeutic agents for health
disorders involving the P2Y1R.

4. Experimental

4.1. General

All air- and moisture-sensitive reactions were carried out in
flame-dried, argon-flushed, two-neck flasks sealed with rubber
septa, and the reagents were introduced with a syringe. Progress of
reactions was monitored by TLC on precoated Merck silica gel
plates (60F-254). Visualization of reactants and products was
accomplished by UV light. Compounds were characterized by
nuclear magnetic resonance using Bruker AC-200, DPX-300 or
DMX-600 spectrometers. 1H NMR spectra were recorded at 200,
300 or 600 MHz. Nucleotides were characterized also by 31P NMR in
D2O, using 85% H3PO4 as an external reference on Bruker AC-200
and DMX-600 spectrometers. High resolution mass spectra were
recorded on an AutoSpec-E FISION VG mass spectrometer by
chemical ionization. Nucleotides were analyzed under ESI (electron
spray ionization) on a Q-TOF micro-instrument (Waters, UK).
Primary purification of the nucleotides was achieved on an LC (Isco
UA-6) system using a column of Sephadex DEAE-A25, swollen in
1 M NaHCO3 at 4 �C for 1 day. The resin was washed with deionized
water before use. The LC separation was monitored by UV detection
at 280 nm. A buffer gradient of 0–0.8 M NH4HCO3 (500 mL
water:500 mL buffer) was applied. Final purification of the nucle-
otides and separation of the diastereomeric pairs were achieved on
a HPLC (Merck-Hitachi) system using a semi-preparative reverse-
phase column (Gemini 5u C-18 110A 250�10.00 mm; 5 mm;
Phenomenex, Torrance, USA). The purity of the nucleotides was
evaluated on an analytical reverse-phase column system (Gemini
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5u C-18 110A, 150� 4.60 mm; 5 mm; Phenomenex, Torrance, CA,
USA) in two solvent systems: Solvent System I – (A) 100 mM trie-
thylammonium acetate (TEAA), pH 7:(B) MeOH; Solvent System II –
(A) 0.01 M KH2PO4, pH¼ 4.5:(B) MeOH. The details of the solvent
system gradients are given below.

All commercial reagents were used without further purification,
unless otherwise noted. All reactants in moisture-sensitive reac-
tions were dried overnight in a vacuum oven. RPMI (Roswell Park
Memorial Institute) 1640 buffer was obtained from Sigma–Aldrich.
20,30-O-Methoxymethylidene adenosine derivatives were prepared,
as previously described [30]. 20,30-O-Methoxymethylidene-2-MeS–
adenosine was separated on an MPLC system (Biotage, Kungsgatan,
Uppsala, Sweden) using a silica gel (25þM) column and the
following gradient scheme: three column volumes (CV) of 100:0 (A)
CHCl3:(B) EtOH, 5 CV of a gradient from 100:0 to 90:10 A:B and 4 CV
of 90:10 A:B at a flow rate of 12.5 mL/min. pH measurements were
performed with an Orion microcombination pH electrode and
a Hanna Instruments pH meter.

4.1.1. 2-MeS–adenosine-50-O-triphosphate-b,g-CH2 (2): Method A
Bis(tributylammonium) methylene diphosphonate salt was

prepared by the addition of Bu3N (2 equiv.) to methylene diphos-
phonic free acid in EtOH and stirring for 2 h at RT followed by
solvent removal under reduced pressure to give a white solid. 1,8-
Bis(dimethylamino)naphthalene (117 mg; 0.57 mmol; 1.5 equiv.)
was added at 0 �C to 20,30-O-methoxymethylidene-2-MeS–adeno-
sine, 5a, (130 mg; 0.37 mmol) in trimethylphosphate (2 mL) in
a flame-dried two-neck flask under N2, and the reaction was stirred
for 20 min until a clear solution was attained. POCl3 (67 mL;
1.09 mmol, 3 equiv.) was added at 0 �C. The solution was stirred at
0 �C for 2 h. A 0.5 M solution of bis(tributylammonium) methylene
diphosphonate salt (386 mg; 2.19 mmol; 6 equiv.) in dry DMF
(4.3 mL) and tributylamine (360 mL; 1.46 mmol; 4 equiv.) were
added at 0 �C and the reaction mixture was stirred for 1 h. Then,
0.5 M TEAB (10 mL) was added at RT and the reaction mixture was
stirred for 1 h, and then freeze-dried. Product 8a was treated with
18% HCl solution until pH 2.3 was attained, and then stirred for 3 h
at RT. Finally, the mixture was treated with 24% NH4OH solution
and pH was adjusted to 9. The solution was stirred for 45 min and
then freeze-dried. The residue was dissolved in deionized water
(100 mL) and extracted with CH2Cl2 (70 mL) and then with ether
(50 mL� 2). The aqueous phase was freeze-dried and the resulting
residue was applied to an activated Sephadex DEAE-A25 column
(0–0.4 M NH4HCO3; total volume of 2 L). The relevant fractions
were collected, freeze-dried and excess NH4HCO3 was removed by
repeated freeze-drying with deionized water to yield product 2 as
a white solid. Finally, pure 2 was obtained upon HPLC separation,
which was accomplished using a semi-preparative reverse-phase
Gemini 5u C-18 110A column (250�10 mm; 5 mm) and gradient
elution using Solvent System I with 80:20 A:B to 70:30 for 15 min at
a flow rate of 4 mL/min. The relevant fractions (Rt¼ 8.5 min) were
freeze-dried. The excess buffer was removed by repeated freeze-
drying cycles, and the solid residue was dissolved each time in
deionized water. Finally, the nucleotide triethylammonium counter
ions were exchanged for Naþ ions by passing the pure product 2
through a Sephadex-CM C-25 Naþ-form column. Product 2 was
obtained in 35% (80.5 mg) yield after LC separation. The spectral
data for 2 are consistent with the literature.

4.1.2. 2-MeS–adenosine-50-O-triphosphate-b,g-CH2 (2): Method B
Bis(tributylammonium) methylene diphosphonate salt was

prepared as described above. 1,8-Bis(dimethylamino)naphthalene
(41 mg; 0.19 mmol; 2 equiv.) was added at 0 �C to 2-MeS–
adenosine, 5b, (30 mg; 0.09 mmol) in trimethylphosphate (1 mL) in



Table 1
Relative activity [%] of human ecto-nucleotidases with analogues 2–4a

Human ecto-nucleotidases ATP pnp-TMP 2 3A 3B 4A 4B

NTPDase1 100 – 8.0� 0.4 1.0� 2.1 0 <1 <1
NTPDase2 100 – 2.0� 0.2 1.0� 0.2 0 1.0� 0.1 1.0� 0.3
NTPDase3 100 – 7.0� 0.2 0 6.0� 0.16 2.0� 0.26 2.0� 1.0
NTPDase8 100 – 7.0� 0.3 2.0� 0.03 <1 4.0� 0.02 3.0� 07
NPP1 – 100 23.0� 10.5 0 4.0� 0.12 0 <1
NPP3 – 100 10.0� 0.04 0 3.0� 0.05 9.9� 0.5 0

a ATP, pnp-TMP (substrates) and analogues 2–4 were all used at the concentration of 100 mM. The ATPase activities (100%) were: 497�38, 566� 55, 493� 21, 173�18 [nmol
Pi/min$mg protein] for NTPDase1, 2, 3 and 8, respectively. The 100% of the activity with pnp-TMP as substrate for NPP1 was 24� 2 [nmol p-nitrophenol/min$mg protein] and
for NPP3 was 53� 4 [nmol p-nitrophenol/min$mg protein].
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a flame-dried two-neck flask under N2, and the reaction was stirred
for 20 min until a clear solution was attained. POCl3 (26 mL;
0.28 mmol; 3 equiv.) was added at 0 �C. The solution was stirred at
0 �C for 2 h. A 1 M solution of bis(tributylammonium) methylene
diphosphonate salt (101 mg; 0.57 mmol; 6 equiv.) in dry DMF
(480 mL) and tributylamine (91 mL; 0.38 mmol; 4 equiv.) were
added at 0 �C and the reaction mixture was stirred for 1.6 min.
Then, 0.5 M TEAB solution (10 mL) was added at RT and the reaction
mixture was stirred for 30 min, and then freeze-dried. The resulting
residue was applied to an activated Sephadex DEAE-A25 column
(0–0.8 M NH4HCO3; total volume of 1 L). The relevant fractions
were collected, freeze-dried, and excess NH4HCO3 was removed by
repeated freeze-drying with deionized water to yield product 2 as
a white solid. The residue was separated on a HPLC column to
obtain pure 2. The separation was accomplished using a semi-
preparative reverse-phase Gemini 5u C-18 110A column
(250�10.00 mm; 5 mm) and Solvent System I with a gradient from
92:8 to 70:30 A:B over 20 min at a flow rate of 5 mL/min. The
relevant fractions (Rt¼ 11.94 min) were freeze-dried. The excess
buffer was removed by repeated freeze-drying cycles, and solid
residue was dissolved each time in deionized water. Finally, the
nucleotide triethylammonium counter ions were exchanged for
Naþ ions by passing the pure product 2 through a Sephadex-CM
C-25 Naþ-form column. Product 2 was obtained in 20% (11 mg)
yield after LC separation.

4.1.3. Adenosine-50-O-(a-boranotriphosphate)-b,g-CH2,
3A, B – synthesis

Bis(tributylammonium) methylene diphosphonate salt was
prepared as described above. 20,30-O-Methoxymethylidene adeno-
sine, 9, (100 mg; 0.32 mmol) was dissolved in trimethylphosphate
(2.5 mL) in a flame-dried two-neck flask under N2. 1,8-Bis(dime-
thylamino)naphthalene (138 mg; 0.65 mmol; 2 equiv.) was added
at 0 �C and the reaction was stirred for 20 min until a clear solution
was attained. PCl3 (56 mL; 0.65 mmol; 2 equiv.) was added at 0 �C,
and a white solid precipitated. The suspension was stirred at 0 �C
for 30 min. Then, a 1 M solution of bis(tributylammonium) meth-
ylene diphosphonate salt (642 mg; 1.94 mmol; 6 equiv.) in dry DMF
(1.8 mL) and tributylamine (308 mL;1.29 mmol; 4 equiv.) were
added at 0 �C and the reaction mixture was stirred for 11 min. A 2 M
Table 2
Activity of analogues 2–4 at P2Y1/2/4/6Rs

P2Y1 P2Y2 P2Y4 P2Y6

2 0.08� 0.03 nr nr sr
3A nr nr nr nr
3B nr nr nr sr
4A nr nr nr nr
4B 17.2� 5.3 nr nr sr
2-MeS–ADP 0.004� 0.002
UTP 0.64� 0.25 0.48� 0.31
UDP 0.20� 0.06

EC50 (mM) values of analogue-induced increase in [Ca2þ]i; sr¼ slight response at
100 mM; nr¼ no response.
solution of BH3$SMe2 complex in THF (2.2 mL; 3.9 mmol; 10 equiv.)
was added at 0 �C, and the reaction mixture became clear. The
solution was stirred for 5 min at 0 �C and then for 30 min at RT.
Finally, a 0.5 M TEAB solution (10 mL) was added at RT and the
mixture was stirred for 60 min, and then freeze-dried. The resulting
residue was applied to an activated Sephadex DEAE-A25 column
(0–0.8 M NH4HCO3; total volume of 1 L). The relevant fractions
were collected, freeze-dried and excess NH4HCO3 was removed by
repeated freeze-drying cycles with deionized water to obtain 13a as
a white solid. Product 13a was treated with 18% HCl until pH 2.3
was attained, and then stirred for 3 h at RT. Finally, the mixture was
treated with 24% NH4OH solution, and pH was adjusted to 9. The
solution was stirred for 45 min at RT and then freeze-dried until
a constant weight was attained. Product 3 was obtained in 36%
(66 mg) yield after LC separation. The diastereomeric pair of
product 3 was separated on a HPLC column under the conditions
described below. Finally, purified 3A and B isomers were passed
through a Sephadex-CM C-25 Naþ-form column to exchange trie-
thylammonium counter ions for Naþ ions.

4.1.4. Adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(3) – separation
The semi-preparative separation of the diastereomeric pair of 3

was accomplished using a semi-preparative reverse-phase Gemini
5u column (C-18 110A; 250�10.00 mm; 5 mm) and isocratic
elution by applying 89:11 of (A) 100 mM triethylammonium
acetate (TEAA), pH 7:(B) MeOH at a flow rate of 5 mL/min, followed
by a final separation of the two diastereoisomers using an analytical
Gemini 5u column (C-18 110A; 150� 4.60 mm) by applying Solvent
System I with a gradient from 90:10 to 70:30 A:B over 20 min at
a flow rate of 1 mL/min. Fractions containing the same isomer
[Rt¼ 6.33 min (A isomer); 7.73 min (B isomer)] were collected and
freeze-dried. The excess buffer was removed by repeated freeze-
drying cycles with the solid residue dissolved each time in deion-
ized water.

4.1.5. Adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(3A isomer) – characterization
Retention time on a semi-preparative column: 7.64 min. 1H

NMR (D2O; 600 MHz): d 8.59 (s; H-8; 1H), 8.25 (s; H-2; 1H), 6.14 (d;
J¼ 4.8 Hz; H-10; 1H), (H20 signal is hidden by the water signal at
4.78 ppm), 4.60 (m; H-30; 1H), 4.39 (m; H-40; 1H), 4.27 (m; H-50;
1H), 4.14 (m; H-500; 1H), 2.25 (t; J¼ 20.4 Hz; CH2; 2H), 0.37 (m; BH3;
3H) ppm. 31P NMR (D2O; 81 MHz): d 82.81 (m; Pa-BH3), 13.92 (s;
Pg), 11.22 (br s; Pb) ppm. MS–ESI m/z: 502 (M�). HRMS–FAB
(negative) m/z: calculated for C11H18BN5O11Na2P3: 546.0104,
Found: 546.0104. TLC (NH4OH:H2O:isopropanol 2:8:11), Rf¼ 0.23.
Purity data obtained on an analytic column: retention time:
3.55 min (100% purity) using Solvent System I with a gradient from
90:10 to 70:30 A:B over 10 min at a flow rate of 1 mL/min. Reten-
tion time: 2.53 min (95.5% purity) using Solvent System II, with
a gradient from 90:10 to 80:20 of A:B over 10 min at a flow rate of
1 mL/min.
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4.1.6. Adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(3B isomer) – characterization
Retention time on a semi-preparative column: 9.67 min. 1H

NMR (D2O; 300 MHz): d 8.56 (s; H-8; 1H), 8.24 (s; H-2; 1H), 6.14 (d;
J¼ 5.1 Hz; H-10; 1H), (H20 signal is hidden by the water signal at
4.78 ppm), 4.52 (m; H-30; 1H), 4.39 (m; H-40; 1H), 4.23 (m; H-50;
1H), 4.17 (m; H-500; 1H), 2.30 (t; J¼ 20.10 Hz; CH2; 2H), 0.40 (m;
BH3; 3H) ppm. 31P NMR (D2O; 81 MHz): d 82.50 (m; Pa-BH3), 14.10
(s; Pg), 11.03 (br s; Pb) ppm. MS–ESI m/z: 502 (M�). TLC (NH4OH:-
H2O:isopropanol 2:8:11), Rf¼ 0.23. Purity data obtained on an
analytic column: retention time: 4.09 min (92.6% purity) using
Solvent System I with a gradient from 90:10 to 70:30 A:B over
10 min at a flow rate of 1 mL/min. Retention time: 3.66 min (95.5%
purity) using Solvent System II with a gradient from 90:10 to 80:20
A:B over 10 min at a flow rate of 1 mL/min.

4.1.7. 2-MeS–adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(4A/B) – preparation and separation
Products 4A and B were prepared starting from (0.25 mmol) 5a

following the above procedure for the preparation of compound 3.
Products 4A,B were obtained in 28% yield (40 mg) after LC sepa-
ration. The separation of 4 diastereoisomers was accomplished
using a semi-preparative reverse-phase Gemini 5u column (C-18
110A; 250�10.00 mm; 5 mm), and isocratic elution by applying
Solvent System I at 75:25 A:B at a flow rate of 5 mL/min. Final
separation of the two diastereoisomers was achieved using an
analytical Gemini 5u column (C-18 110A; 150� 4.6 mm) and
Solvent System I with a gradient from 82:18 to 74:26 A:B over
20 min at a flow rate of 1 mL/min. Fractions containing the same
isomer [Rt¼ 9.79 min (A-isomer); 11.53 min (B-isomer)] were
collected and freeze-dried. The excess buffer was removed by
repeated freeze-drying cycles with the solid residue dissolved each
time in deionized water. Diastereoisomers 4A and B were obtained
in 28% (38 mg) overall yield after LC separation.

4.1.8. 2-MeS–adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(4A isomer) – characterization
Retention time on a semi-preparative column: 5.29 min. 1H

NMR (D2O; 600 MHz): d 8.30 (s; H-8; 1H), 6.12 (d; J¼ 4.98 Hz; H-10;
1H), (H20 signal is hidden by the water signal at 4.78 ppm), 4.50 (m;
H-30; 1H), 4.25 (m; H-40; 1H), 4.14 (m; H-50; 1H), 4.05 (m; H-500; 1H),
2.95 (s; CH3; 3H), 2.17 (t; J¼ 20.10 Hz; CH2; 2H), 0.42 (m; BH3; 3H)
ppm. 31P NMR (D2O; 81 MHz): d 83.60 (m; Pa-BH3), 14.61 (s; Pg),
10.26 (br s; Pb) ppm. MS-ES m/z: 548 (M�). TLC (NH4OH:H2O:iso-
propanol 2:8:11), Rf¼ 0.44. Purity data obtained on an analytic
column: retention time: 4.24 min (94.3% purity) using Solvent
System I with a gradient from 80:20 to 60:40 A:B over 10 min at
a flow rate of 1 mL/min. Retention time: 2.99 min (99.5% purity)
using Solvent System II with a gradient from 90:10 to 80:20 A:B
over 10 min at a flow rate of 1 mL/min.

4.1.9. 2-MeS–adenosine-50-O-(a-boranotriphosphate)-b,g-CH2

(4B isomer) – characterization
Retention time on a semi-preparative column: 5.57 min. 1H

NMR (D2O; 600 MHz): d 8.29 (s; H-8; 1H), 6.99 (m; H-10; 1H), (H20

signal is hidden by the water signal at 4.78 ppm), 4.47 (m; H-30;
1H), 4.27 (m; H-40; 1H), 4.15 (m; H-50; 1H), 4.08 (m; H-500; 1H),
2.49 (s; CH3; 3H) 2.18 (t; J¼ 19.20 Hz; CH2; 2H), 0.32 (m; BH3; 3H)
ppm. 31P NMR (D2O; 81 MHz): d 84.13 (m; Pa-BH3), 14.85 (s; Pg),
10.04 (br s; Pb) ppm. MS–ESI m/z: 548 (M�). TLC (NH4OH:H2O:i-
sopropanol 2:8:11), Rf¼ 0.44. Retention time: 2.12 min (94%
purity) using a gradient of (A) 100 mM TEAA, pH 7:(B) CH3CN from
70:30 to 40:60 A:B over 10 min at a flow rate of 1 mL/min.
Retention time: 1.38 min (100% purity) using Solvent System II
with a gradient from 50:50 to 40:60 A:B over 10 min at a flow rate
of 1 mL/min.
4.2. Evaluation of the chemical stability of adenosine-50-O-
(a-boranotriphosphate)-b,g-CH2 analogues
(3 or 4) – a typical procedure

Analogue 3 (1.6 mg) was dissolved in 0.2 M HCl/KCl buffer
(0.4 mL), and the final pH was adjusted to 1.4 by adding 0.2 M HCl
(15 mL). The solution was kept in an oil bath at 37 �C and its
composition was analyzed by HPLC–MS, using a Gemini analytic
column (5u C-18 110A; 150� 4.60 mm) and gradient elution with
Solvent System I at 89:11 A:B for 15 min and then 82:18 to 74:26
A:B over 20 min at a flow rate of 1 mL/min. Samples were taken at
7–17 h intervals for 5 days. The hydrolysis rate of 3 was determined
by measuring the change in the integration of the HPLC peaks of the
degradation products, 15, 16, 17, with time.
4.3. Evaluation of the chemical stability of 2-MeS–adenosine-50-
triphosphate-b,g-CH2 (2) by 31P NMR

Compound 2 (1.5 mg) was dissolved in 0.2 M HCl/KCl (0.35 mL)
and D2O (40 mL). The final pH was adjusted to 1.4 by adding 0.2 M
HCl (20 mL). The solution was kept in an oil bath at 37 �C. Spectra
were recorded at ca. 24 h time intervals for 12 days. The number of
scans in every experiment was 500. The percentage of phosphate
ester hydrolysis is based on integration of the Pa signal of
2-MeS–ATP-b,g-CH2 (�10.5 ppm) and Pa of the hydrolysis product
2-MeS–AMP, 14, (0.7 ppm). The hydrolysis rate was determined by
measuring the change in the integration of the respective NMR
signals with time.
4.4. Evaluation of the stability of ATP and analogue 2 in human
blood serum – a typical procedure: Method A

For preparation of human blood serum, whole blood taken
from healthy volunteers was obtained from a blood bank (Tel-
Hashomer Hospital, Israel). Blood was stored for 12 h at 4 �C,
centrifuged in plastic tubes at 1500� g for 15 min at RT. The
serum was separated and stored at �80 �C. The assay mixture,
containing a 40 mM nucleotide analogue solution in deionized
water (4.5 ml), human blood serum (180 mL) and RPMI-1640
medium (540 mL), was incubated at 37 �C for 1, 4, 8, 16, 24, 48, 72
or 96 h. The samples were then treated with 0.6 M hydrochloric
acid (430 mL), centrifuged for 2 min (13,000� g; 4 �C), neutralized
by addition of 4 M KOH, centrifuged for 2 min (13,000� g; 4 �C)
and freeze-dried. The stability of the nucleotide was evaluated
by HPLC for monitoring possible dephosphorylation products.
The mixture was separated on a Gemini analytic column (5u C-18
110A; 150� 4.60 mm) with gradient elution at 100:0 to 60:40 (A)
0.01 M KH2PO4 pH¼ 4.5:(B) acetonitrile over 20 min for 2,
and 100:0 to 95:5 A:B over 10 min for ATP and a flow rate
of 1 mL/min. The hydrolysis rate was determined by measuring
the change in the integration of the respective HPLC peaks with
time.

4.5. Evaluation of the stability of ATP and analogues 4A/B in human
blood serum – a typical procedure: Method B

The assay mixture, containing a 40 mM nucleotide derivative
solution in deionized water (4.5 mL), human blood serum (180 mL;
prepared as described above) and RPMI-1640 medium (540 mL),
was incubated at 37 �C for 1, 4, 8, 16, 24, 48, 72, 96, 120 or 144 h.
Each sample was heated to 80 �C for 30 min, treated with CM
Sephadex (1–2 mg) for 2 h, centrifuged for 6 min (15 300 rpm) and
extracted with chloroform (2� 500 mL). The aqueous layer was
freeze-dried. The stability of the nucleotide was evaluated by HPLC
to monitor possible dephosphorylation products. The mixture was
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separated on a Gemini analytic column (5u C-18 110A;
150� 4.60 mm) with 79:21 of (A) 100 mM TEAA, pH 7:(B) MeOH for
15 min to elute 4A and B. To elute ATP 100:0 (A) 100 mM TEAA, pH
7:(C) acetonitrile for 10 min, then gradient elution with 100:0 to
90:10 A:C over 10 min and then 90:10 to 80:20 A:C over 4 min, and
80:20 A:C for 1 min at a flow rate of 1 mL/min. The hydrolysis rate
was determined by measuring the change in the integration of the
respective HPLC peaks with time.

4.6. Evaluation of the enzymatic stability of analogues 2–4
at alkaline phosphatase

Enzyme activity was determined by the release of p-nitro-
phenol from p-nitrophenyl phosphate measured by a UV–vis
spectrophotometer at 405 nm [66]. Relative activity and resis-
tance of nucleotides to enzymatic hydrolysis were determined at
37 �C. Briefly, 32.5 mL of nucleotide derivative (77 mg/mL in 0.1 M
Tris-HCl and 0.1 M MgCl2, pH 7.5) and 6 mL of deionized water
were incubated with calf intestine alkaline phosphatase (Fer-
mentas Inc., Glen Burnie, MD; 1 unit/mL; 6.25 mL) at 37 �C. The
final pH was 9.8. After 30 min, the reaction was stopped by
incubation at 80 �C for 30 min. The stability of the nucleotide
derivative was evaluated by HPLC to monitor possible dephos-
phorylation products. The mixture was separated on a Gemini
analytic column (5u C-18 110A; 150� 4.60 mm) using gradient
elution with Solvent System I at 90:10 to 70:30 A:B for 3A and
B, and 82:18 to 50:50 A:B for 4A, B and 2 over 20 min at a flow
rate of 1 mL/min. The hydrolysis rate was determined by
measuring the change in the integration of the respective HPLC
peaks with time.

4.7. Plasmids

The plasmids used in this study have all been described in
published reports: human NTPDase1 (GenBank accession no.
U87967) [67], human NTPDase2 (NM_203468) [68], human
NTPDase3 (AF034840) [69], human NTPDase8 (AY430414) [70],
human NPP1 (NM_006208) and human NPP3 (NM_005021)
[71].

4.8. Cell transfection and preparation of membrane fraction

293T cells were transfected in 10 cm plates using Lipofectamine
(Invitrogen, Burlington, ON, Canada), as previously described [72].
Briefly, 80–90% confluent cells were incubated for 5 h at 37 �C in
Dulbecco’s modified Eagle’s medium, nutriment mix F-12 (DMEM/
F-12 from Invitrogen, Burlington, ON, Canada) in the absence of
fetal bovine serum (FBS), and 6 mg of plasmid DNA and 24 mL Lip-
ofectamine reagent were added. The reaction was stopped by the
addition of equal volumes of DMEM/F-12 containing 20% FBS (from
Wisent Bioproducts, St. Bruno, QC, Canada) and the cells were
harvested 44–72 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: (in mM) 95 NaCl, 0.1 PMSF and 45
Tris at pH 7.5 (Sigma–Aldrich Oakville, ON, Canada; EMD Chemicals
Gibbstown, NJ, USA), and washed twice by centrifugation at 300� g
for 10 min at 4 �C. Cells were resuspended in the harvesting buffer
containing 10 mg/mL aprotinin and sonicated. Nuclei and cellular
debris were discarded by centrifugation at 300� g for 10 min at
4 �C and the supernatant (crude protein extract) was aliquoted and
stored at �80 �C until used for activity assays. Protein concentra-
tion was estimated by the Bradford microplate assay using bovine
serum albumin (BSA from Sigma–Aldrich, Oakville, ON, Canada) as
a standard [73].
4.9. Enzymatic assays

4.9.1. NTPDases (EC 3.6.1.5)
Activity was measured as previously described [72] in 0.2 mL of

Tris-Ringer buffer: (in mM) 120 NaCl, 5 KCl, 2.5 CaCl2, 1.2 MgSO4, 25
NaHCO3, 5 glucose, 80 Tris, pH 7.4 (EMD Chemicals, Gibbstown, NJ,
USA; Fisher Scientific, Ottawa, ON, Canada; Sigma–Aldrich, Oak-
ville, ON, Canada) at 37 �C. NTPDase protein extracts were added to
the incubation mixture and pre-incubated at 37 �C for 3 min. The
reaction was initiated by the addition of the substrate: ATP, ADP
(Sigma–Aldrich, Oakville, ON, Canada) or analogues 2–4 to a final
concentration of 100 mM and stopped after 20 min with 50 mL of
malachite green reagent (Sigma–Aldrich, Oakville, ON, Canada).
The released inorganic phosphate (Pi) was measured at 630 nm
according to Baykov et al. [74] The activity obtained with protein
extracts from untransfected cells was subtracted from the activity
obtained with extracts from NTPDase transfected cells. The
activity with this control protein extract never exceeded 5% of the
activity of any NTPDase extract.

4.9.2. NPPs (EC 3.1.4.1; EC 3.6.1.9)
Evaluation of the inhibition of human NPP1 and NPP3 with p-

nitrophenyl-thymidine-50-monophosphate (pnp-TMP) and
analogues 2–4 as the substrates (Sigma–Aldrich, Oakville, ON,
Canada) was evaluated as described previously [75]. Reactions
were carried out at 37 �C in 0.2 mL of the following incubation
mixture, (in mM) 1 CaCl2, 140 NaCl, 5 KCl, and 50 Tris, pH 8.5 (EMD
chemicals, Gibbstown, NJ, USA; Fisher Scientific, Ottawa, ON,
Canada; Sigma–Aldrich, Oakville, ON, Canada). Human NPP1 or
NPP3 extract was added to the incubation mixture and pre-
incubated at 37 �C for 3 min. Reaction was initiated by the addition
of the indicated substrate (pnp-TMP or analogues 2–4) at the final
concentration of 100 mM. For pnp-TMP, the production of p-
nitrophenol was measured at 410 nm, 20 min after the initiation of
the reaction [76]. When analogues 2–4 were used as substrate, the
reaction was stopped after 20 min by transferring a 0.1 mL aliquot
from the reaction mixture to 0.125 mL ice-cold 1 M perchloric acid
(Fisher Scientific, Ottawa, ON, Canada). These samples were
centrifuged for 5 min at 13 000� g. Supernatants were neutralized
with 1 M KOH (Fisher Scientific, Ottawa, ON, Canada) in 4 �C and
centrifuged for 5 min at 13 000� g. An aliquot of 20 mL was
separated by reverse-phase HPLC to evaluate the decrease in
analogues 2–4 levels using a SUPELCOSIL� LC-18-T column
(15 cm� 4.6 mm, 3 mm Supelco, Bellefonte, Pennsylvania, USA)
with a mobile phase composed of 25 mM TBA, 5 mM EDTA,
100 mM KH2PO4/K2HPO4, pH 7.0 and 2% (v/v) methanol at a flow
rate of 1 mL/min.

4.10. Intracellular calcium measurements

Human 1321N1 astrocytoma cells stably expressing the
turkey P2Y1, human P2Y2, human P2Y4 or rat P2Y6 receptor
were grown in Dulbecco’s modified Eagle’s medium containing
5% fetal bovine serum, 100 units/mL penicillin, 100 mg/mL
streptomycin and 500 mg/mL Geneticin (G-418; Life Technologies,
Inc). Changes in the intracellular free calcium concentration,
[Ca2þ]i, were detected by dual-excitation spectrofluorometric
analysis of cell suspensions loaded with fura-2, as described
previously [77,78]. Cells were treated with the indicated nucle-
otide at 37 �C in 10 mM Hepes-buffered saline (pH 7.4) con-
taining 1 mM CaCl2 and 1 mM MgCl2 and the maximal increase
in [Ca2þ]i was determined at different nucleotide concentrations
to calculate the EC50. Concentration-response data were
analyzed with the Prism curve fitting program (GraphPAD Soft-
ware, San Diego, CA). Three experiments were conducted on
separate days for each P2Y receptor subtype.
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