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A Novel Insulin Secretagogue Based on a Dinucleoside Polyphosphate Scaffold
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Dinucleoside polyphosphates exert their physiological effects via P2 receptors (P2Rs). They are attrac-
tive drug candidates, as they offer better stability and specificity compared to nucleotides, the most
common P2 receptor ligands. The activation of pancreatic P2Y receptors by nucleotides increases insulin
secretion. Therefore, in the current study, dinucleoside polyphosphate analogues (di-(2-MeS)-adeno-
sine-50,500-P1,P4,R,β-methylene-tetraphosphate), 8, (di-(2-MeS)-adenosine-50,500-P1,P4,β,γ-methylene-
tetraphosphate), 9, and di-(2-MeS)-adenosine-50,500-P1,P3,R,β-methylene triphosphate, 10, were devel-
oped as potential insulin secretagogues. Analogues 8 and 9were found to be agonists of the P2Y1Rwith
EC50 values of 0.42 and 0.46 μM, respectively, whereas analogue 10 had no activity. Analogues 8-10
were found to be completely resistant to hydrolysis by alkaline phosphatase over 3 h at 37 �C. Analogue
8 also was found to be 2.5-fold more stable in human blood serum than ATP, with a half-life of 12.1 h.
Analogue 8 administration in rats caused a decrease in a blood glucose load from 155 mg/dL to ca.
100mg/dL and increased blood insulin levels 4-fold as compared to basal levels. In addition, analogue 8
reduced a blood glucose load to normal values (80-110 mg/dL), unlike the commonly prescribed
glibenclamide, which reduced glucose levels below normal values (60 mg/dL). These findings suggest
that analogue 8 may prove to be an effective and safe treatment for type 2 diabetes.

Introduction

Diabetes is one of themost prevalent chronic diseases in the
Western world, affecting up to 5% of the population.2 It is a
heterogeneous group of disorders characterized by a chronic
hyperglycemia with additional abnormalities in lipid and
protein metabolism. The hyperglycemia results from defects
in insulin secretion, insulin action, or a combination of both.3

In addition to its chronic metabolic abnormalities, diabetes is
associated with long-term complications involving various
organs, especially the eyes, nerves, blood vessels, heart, and
kidney, which may result in blindness, amputations, cardio-
vascular disease, and end stage renal disease. The develop-
ment of diabetic complications appears to be related to the
chronic elevation of blood glucose. There is no current cure
for diabetes, however, effective glycemic control can lower the
incidence of diabetic complications and reduce their severity.
Thus, improvement of insulin secretion is a major therapeutic
goal. Approximately half of the patients with type 2 diabetes
are treatedwithvariousoral agents, a considerable proportion
of them with agents that stimulate insulin secretion.4,5 The
choice of insulin secretagogues is limited to the sulfonylureas
and related compounds (“glinides”), which elicit insulin secre-
tion by binding to a regulatory subunit of membrane ATP-
sensitive potassium channel, inducing its closure.6

Sulfonylureas have several undesired effects in addition to
possible long-term adverse effects on their specific target, the
pancreatic β-cell. These side effects include the risk of hypo-
glycemia due to stimulation of insulin secretion at low glucose

concentrations, the difficulty of achieving normal glycemia in
a significant number of patients, the 5-10% per year second-
ary failure rate of adequate glycemic control, and possible
negative effects on the cardiovascular system.6,7 A growing
body of evidence suggests that P2 receptors (P2Ra) for extra-
cellular nucleotides may be involved in the regulation of
glucose homeostasis. Pancreatic β-cells express a variety of
P2 receptors, including the P2Y1R subtype.8 P2 receptors on
pancreatic β-cells respond to adenosine triphosphate (ATP)
coreleased with insulin during glucose-induced exocytosis of
secretory granules.9 In response toATP, P2Y receptor activa-
tion has been shown to enhance glucose-induced insulin
release fromβ-cells, in part due to increases in cyclic adenosine
monophosphate (cAMP) levels andprotein kinaseAactivity.9

In human pancreatic islets and isolated insulin-secreting cells,
extracellular ATP also increases the cytoplasmic free Ca2þ

concentration, [Ca2þ]i.
10 A role for P2Y1 receptor activation

has been implicated in the maintenance of glucose homeo-
stasis and insulin secretion in mice.11

Thus, the use of P2Y1 receptor-selective ligands may rep-
resent a novel and effective approach for regulating glucose
homeostasis in type 2 diabetes via increased insulin secretion
from pancreatic β-cells.
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phosphate diphosphohydrolase; e-NPPs, ecto-nucleotide pyrophospha-
tases; MPLC, medium pressure liquid chromatography; TEAA,
triethylammonium acetate; CDI, carbonyldiimidazole; HRMSMALDI,
high resolution mass spectrometry matrix-assisted laser desorption/
ionization; MS-ESI, electron spray ionization mass spectrometry.
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Indeed, structural analogues of ATPwith high stability and
selectivity have been shown to increase insulin secretion
through activation of P2Y receptors in isolated rat pancreas12

and human islets.13 Moreover, stable analogues of ATP and
adenosine diphosphate (ADP) have been shown to increase
insulin secretion in vivo.14,15 Likewise, a substitution at the
adenine C-2 position and modifications of the polyphosphate
chain of ATP have been reported to enhance insulin secre-
tion.16 We have reported that a C-2-thioether substitution on
ATP and substitution of the nonbridging oxygen at PR by a
sulfur atom, such as 2-benzylthio-ATP-R-S, 1 (A and B
isomers),17 or 2-hexylthio-ATP-R-S, 2 (A and B isomers)18

(Figure 1), generated highly specific, potent, and stable
agonists of the P2Y1 receptor (e.g., EC50 values were 17 and
21 nM for 2-hexylthio-ATP-R-S, 2, A and B isomers, res-
pectively).18 Furthermore, these ATP derivatives increased
insulin secretion from rat pancreas by 100-fold, as compared
to ATP.18

Recently, we found that R-borano-2-MeS-ATP, 3, A iso-
mer (Figure 1), is a potent and selective agonist of the P2Y1R,
with an EC50 of 2.6 nM in HEK 293 cells overexpressing the
receptor (compared with an EC50 of 0.2 μM for ATP).19

Furthermore, analogue 3A was shown to be a very potent
insulin secretagogue in isolated rat pancreas, in a glucose-
dependent manner, being active only at stimulating glucose
concentrations,20,21 as opposed to sulfonylureas, thereby redu-
cing the risk of hypoglycemia. The maximal efficacy of
analogue 3A was 9-fold above basal secretion, with an EC50

of 28.1 nM.20Moreover, analogue 3A exhibited high stability
at physiological andgastric pHat 37 �C,withhalf-lives of 1395
and 5.9 h, respectively.19 In addition, analogue 3A was only
weakly hydrolyzed by spleen ecto-nucleoside triphosphate
diphosphohydrolase (NTPDase), with only 5% degradation
after 7 min at 37 �C as compared to ATP.19 Yet, analogue 3A
was hydrolyzed almost completely by alkaline phosphatase
over 100 min at 37 �C.22 Attempts to improve the stability of
3 by synthesizing the correspondingmethylene analogues 4-6

(Figure 1), resulted in compounds highly stable to alkaline
phosphatase, yet these analogues were weak P2Y1R ago-
nists.22

Our preliminary findings, on one hand, and the side-effects
of sulfonylurea-based insulin secretagogues, especially the
risk of hypoglycemia, on the other hand, encouraged us to
develop alternative and safe drug candidates acting via a

Figure 1. P2Y1 receptor agonists.

Figure 2. A series of novel dinucleoside polyphosphate analogues.
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novel mechanism. Specifically, we targeted the enhancement
of insulin secretion via the activation of the P2Y1R expressed
in pancreatic β-cells instead of the ATP-sensitive Kþ-channel
activated by sulfonylureas.

In addition,weutilizeda different scaffold thanATP for the
design of insulin secretagogues, namely a dinucleoside poly-
phosphate scaffold.

Dinucleoside polyphosphates, such as Ap3A and Ap4A,
induce physiological effects via activation of P2 receptors.23-27

These compounds are more stable and specific than endo-
genous nucleotide agonists of P2Rs and, therefore, make
attractive drug candidates.28 The stability of dinucleoside
polyphosphates can be further improved. Thus, the Ap4A
analogues Ap(CH2)pp(CH2)pA, Ap(CH2)pppA, and App-
(CH2)ppA, 7A-C (Figure 1), were synthesized with a methy-
lene group replacing a bridging oxygen in the phosphate
chain, thereby enhancing enzymatic stability.29

The enhanced metabolic stability offered by methylene
bioisosters of dinucleoside polyphosphates30 encouraged us
to design a novel series of stable compounds that act as insulin
secretagogues via P2YR activation. Here, we report on the
synthesis and characterization of dinucleoside polyphosphate
analogues 8-10 (Figure 2), their resistance to hydrolysis by
alkaline phosphatase, their activity at the P2Y1R, the stability
of 8 (the most promising analogue) in human blood serum,
and themodulation of blood glucose and insulin levels in vivo
by analogue 8.

Results

Because dinucleoside polyphosphates generally show en-
hanced enzymatic stability, as compared to nucleotides, and
bind with high affinity to P2Y receptors,28 we designed ana-
logues 8-10 as potential P2Y1R agonists based on dinucleo-
side tri- or tetra-phosphate scaffolds. To further enhance

Scheme 1
a

aReaction conditions: (a) CH2Cl2, DMAP, TsCl, RT, 12 h. (b) Analogue 13: tetra-(n-butylammonium)methylenediphosphonate in dry DMF, RT,

48 h. (c)Analogue14: tetra-(n-butylammonium)pyrophosphate in dryDMF,RT, 48 h. (d) 18%HCl, pH2.3,RT for 3 h followedby 24%NH4OH,pH9,

RT for 45 min. (e) CDI, DMF, RT, 3 h; f) MgCl2, RT, 12 h.
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stability, we replaced the R,β or β,γ-bridging oxygen with a
methylene group. To confer agonist potency and selectivity at
the P2Y1R, we included amethylthio group at the adenine C2
position.31Thismodification is basedonourprevious findings
showing that incorporation of aMeS group at theC2 position
of adenine nucleotides or nucleotide-methylene isosters, in-
duces selectivity at the P2Y1R.22

Synthesis of Analogues 8-10. Dinucleoside polypho-
sphates are conventionally prepared via the activation of
the 50 terminal phosphate of a nucleotide with carbonyl
diimidazole (CDI),32 thereby forming a phosphoryl donor
(P-donor) that reacts with a nonactivated nucleotide (i.e.,
phosphoryl (P-acceptor)). We attempted two different app-
roaches to synthesize analogues 8-10. In the first approach,
analogue 15 was activated with CDI to generate the
P-donor33 and analogue 17 was the P-acceptor (Scheme 1).
In the second approach, CDI-activated analogue 17 was the
P-donor and analogue 15was the P-acceptor. The activation
of 15 and 17withCDIwasmonitored byTLC,which showed
that analogue 15 reacted completely with CDI after 3 h,
whereas the activation of analogue 17 was incomplete over
this time period, likely due to the low nucleophilicity of
the phosphonate in analogue 17. To overcome the low
nucleophilicity of the phosphonate group in analogue 17

(Scheme 1), MgCl2 was added to the reactions because
phosphoroimidazolide was reported to be most reactive in
the presence of divalent metal ions.30

Briefly, the synthesis of analogues 8-10 involved the
activation of the 2-MeS-ADP(Bu3NH)2 or 2-MeS-AMP-
((octyl)3NH)2 salts with CDI in dry DMF at RT for 3 h,
followed by the addition of nonactivated nucleotides, i.e., the
bis/tris(Bu3NH) salts of R, β-methylene-2-MeS-ADP, 17, or
β,γ-methylene-2-MeS-ATP (Scheme 1, above, Schemes 1 and
2, Supporting Information), respectively, in the presence of
MgCl2 with stirring at room temperature for 12 h. Analogues
8-10 were formed as the exclusive product at good to high
yields (up to 85% after LC separation). The reaction pro-
ceeded equallywellwith 2-MeS-AMP, 18, or 2-MeS-ADP, 15.
Yet, formation of analogues 8 or 9 (Np4N) was more efficient
than analogue 10 (Np3N). Analogues 8-10 were character-
ized by 31P NMR spectrometry and high resolution mass
spectrometry. The formation of analogue 8was confirmed by
four characteristic peaks: δ 19.49 (d, PR), 12.60 (dd, Pβ),-8.40
(d, Pγ), and -18.51 (dd, Pδ) ppm. The symmetrical analogue
9 was characterized by two peaks at 10.35 (d, Pβ) and -7.97
(d, PR) ppm, whereas analogue 10 showed three peaks at
17.13 (d, PR), 9.45 (dd, Pβ), and-9.93 (d, Pγ) ppm (Figure 1,
Supporting Information).

Activity of Analogues 8-10 at the P2Y1 Receptor. The
activities of analogues 8-10were examined at theG protein-
coupled P2Y1 receptor expressed in human 1321N1 astro-
cytoma cells that are devoid of endogenous P2Y receptors.34

P2Y1R activity was evaluated by monitoring increases in
[Ca2þ]i induced by the analogues in 1321N1 cell transfectants
expressing the P2Y1R. Analogues 8 and 9 activated the
P2Y1R with EC50 values of 0.42 and 0.46 μM, respectively,
as compared to 2-MeS-ADP (EC50=0.0025 μM), Figure 3.
Surprisingly, analogue 10 had no activity, although the
related compound Ap3A had an EC50 value of 0.011 μM.27

The different positions of the methylene groups in the phos-
phate chain (either between the R,β or β,γ phosphates) had
practically no effect on the EC50 values of analogues 8 and 9.

Effects of Analogues 4 and 8 on Blood Glucose Levels in

Rat. Analogues 4 (a potent P2Y1R agonist22) and 8 were

evaluated for in vivo efficacy in the regulation of glucose
homeostasis using an oral glucose tolerance test (OGTT) in
rats. Blood glucose levels of overnight-fasted Wistar Han
male rats rose quickly after oral administration of a glucose
challenge. However, this increase in blood glucose levels was
significantly reduced when the animals were administered
analogue 8 (2.5 mg/kg body weight) or glibenclamide (1 mg/kg
bodyweight), awell-known sulfonylurea insulin secretagogue35

(Figure 4A).When ratswere exposed to analogue 4, therewas a
reduction in blood glucose only after 150 min to ca. 85 mg/dL.
In contrast, analogue 8 reduced the glucose load within 45 min
from155 to 100mg/dL,whereas glibenclamide reduced glucose
levels to ca. 63 mg/dL, a level lower than normal.

Analogue 8 is a Potent Insulin Secretagogue in Rat. Insulin
secretagogues act by promoting the physiological release of
insulin from intracellular granulae in pancreatic β-cells.
Blood insulin concentrations in male Wistar Han rats admini-
stered a glucose load were markedly increased 5 min after
injection of analogue 8 (2.5mg/kg bodyweight) as compared
with saline (Figure 4B). Analogue 8 greatly increased blood
insulin levels, i.e., 4-fold as compared to basal levels.

Resistance of Analogues 8-10 to Alkaline Phosphatase.

Alkaline phosphatase (AP) is a hydrolase that catalyzes the
removal of phosphate groups from nucleotides, proteins,
and alkaloids to generate Pi and the corresponding alcohol.

36

AP catalyzes the stepwise production of Pi by ATP hydro-
lysis to ADP and subsequently AMP.37 In humans, AP is
present in all tissues.38

We found that AP hydrolyzedATPwith a half-life of 1.4 h
at 37 �C. ATP was 96% degraded to ADP (4%) and AMP
(92%) after 3 h, whereas analogues 8-10 remained unhydro-
lyzed by AP over this time course, as measured by HPLC
(Figure 5).

Resistance of Analogue 8 to Hydrolysis in Human Blood

Serum. Blood serum contains ecto-nucleotide pyrophospha-
tases (e-NPPs) and, therefore, provides a goodmodel system
to study the stability of dinucleoside polyphosphate analo-
gues.

The half-life of several dinucleoside polyphosphates in
human whole blood and plasma has been reported. Gp4G

Figure 3. Agonist potency profile of compounds 8, 9, and 2-MeS-
ADP for the increase in [Ca2þ]i in 1321N1 astrocytoma cells
expressing recombinant P2Y1 receptors. Cells loaded with Fura-2
as described in Experimental Section were exposed to 8, 9, and
2-MeS-ADP at the indicated concentrations. Each value shown is a
mean ( SE of three experiments.
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has a half-life in blood of∼5 min,39 and Ap4A has half-lives
of 2 and 4.4 min in whole blood and plasma, respectively,
whereas the half-lives of ATP in whole blood and plasma
were 3.6 and 2.2 min, respectively.40

Analogue 8, the potent P2Y1R agonist and insulin
secretagogue, was hydrolyzed by human blood serum to
2-MeS-AMP, 2-MeS-ADP, and R,β-methylene-2-MeS-ADP
(Figure 6A) with a half-life of 12.1 h (Figure 6B) as
monitored by HPLC. In contrast, ATP was hydrolyzed
to ADP and AMP with a half-life of 4.9 h under the same
conditions (Figure 6B).

Discussion

Sulfonylurea-based insulin secretagogues used for the treat-
ment of type 2 diabetes suffer from various limitations, especi-
ally the risk of hypoglycemia. These limitations justify the
search for novel insulin secretagogues acting via a protein

other than the ATP-sensitive Kþ-channel, which is activated
by sulfonylureas.

In the past years, we have attempted to develop novel insulin
secretagogues targeting P2YRs present in pancreatic β-cells that
are activated by extracellular nucleotides to induce insulin
secretion.We focusedondesigningmodified nucleotides as drug
candidates for the treatment of type 2 diabetes.17,18 The goal of
the modifications made to both the adenine (i.e., thioether at
C-2) and phosphate moieties (i.e., phosphorothioate18 or
boranophosphate19) was to improve the potency and selectivity
of thenucleotide atP2Y1Rs thatmediate insulin secretionand to
improve the chemical and metabolic stability of these agonists.

Indeed, 2-hexylthio-ATP-R-S, 2, proved to be a stable and
potent insulin secretagogue at isolated and perfused rat
pancreasby increasing insulin secretion100-fold, as compared
to ATP.18 Yet, this compound induced a transient vasocon-
striction at all concentrations tested.18

Figure 4. Overnight fasting Wistar Han rats (5 per group) were administered (iv) 2.5 mg/kg bodyweight of analogue 4 or analogue 8, 10 min
postglucose challenge. Glibenclamide was administered orally at-30min. (A) The effect of analogues 4 or 8 (2.5mg/kg body weight) on blood
glucose levels over timewere compared to glibenclamide (1mg/kgbodyweight) or saline administration. (B) The effect of analogue 8 (2.5mg/kgbody
weight) or saline on blood insulin concentrations over time.
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Another promising candidate was 2-thiomethyl-ATP-R-B,
3A, which induced insulin secretion 9-fold above the basal
level with an EC50 of 28 nM in isolated rat pancreas.20 Yet,
this analogue was hydrolyzed almost completely by AP over
100 min at 37 �C.22

Therefore, our approach in the current studywas to synthe-
size hydrolysis-resistant P2Y1R agonists with high potency
and selectivity using a diadenosine polyphosphate scaffold.
Diadenosine polyphosphates are known to be more resistant
to enzyme-induced hydrolysis than the corresponding mono-
nucleotides.28 We conferred additional stability to the dia-
denosine polyphosphates by replacing theR,β or β,γ-bridging
oxygen with a methylene group.22 In addition, we enhanced
selectivity of the analogues for the P2Y1R by modifying the
adenine C2-position by addition of a MeS group to form
analogues 8-10 (Figure 2).

Shaver et al. reported that diadenosine tetraphosphate
(Ap4A) has a similar activity and specificity to ATP at P2Y1R,
in 1321N1 human astrocytoma cells. Likewise, diadenosine
triphosphate (Ap3A), a structural analogue of ADP, is a potent
P2Y1R agonist.27

We found that the methylene isoster of Ap3A, compound
10, was completely inactive at the P2Y1R, whereas either the
R,β- or β,γ-CH2 isosters of Ap4A, 8 and 9, respectively, were
moderate P2Y1R agonists. The methylene substitution redu-
ces the potencies of analogues 8 and 9 (EC50 ∼ 0.4 μM vs
0.025 μM for 2-MeS-ADP), as compared to the parent
compound Ap4A (EC50 0.011 μM vs 0.014 μM for ADP).27

Yet, both analogues 8 and 9 are structurally similar to 2-MeS-
β,γ-CH2-ATP, analogue 4, which we have shown to be a
potent P2Y1R agonist (EC50 80 nM vs 4 nM for 2-MeS-
ADP).22 Analogues 8 and 9 activated the P2Y1R with EC50

values of 0.42 and 0.46 μM, respectively, suggesting that the
position of the methylene group in the polyphosphate chain
has no significant effect on agonist affinity for the P2Y1R.

Although analogue 8 has amoderate affinity for the P2Y1R,
it significantly enhances insulin secretion compared to a control
(saline administration; Figure 4B). Consequently, analogue 8

administration reduces a glucose load to normal levels, unlike
glibenclamide, which promotes subnormal levels (Figure 4A).

No correlation was observed between the potency of ana-
logues 4 and 8 at the P2Y1Rand their in vivo activity as insulin

secretagogues. In contrast to analogue 8 (EC50 420 nM at the
P2Y1R), analogue 4 (EC50 80 nM at the P2Y1R) lowered
blood glucose concentration only after 150min to ca. 85mg/dL
(Figure 4A).

Summary

The diadenosine polyphosphate analogue 8 (i.e., di-(2-MeS)-
adenosine50,500-P1,P4,R,β-methylene-tetraphosphate)wasshown
tobeaP2Y1Ragonistwithmoderateaffinity (i.e.,EC500.42μM).
Analogue 8 is resistant to enzymatic hydrolysis by AP and is
only slowly hydrolyzed in human serum, as compared to ATP,
which is a prerequisite for P2YR agonist-based drug candi-
dates. Furthermore, analogue 8 increased insulin release in
Wistar Han rats in response to a glucose load, as compared
to the saline-treated control, and subsequently blood glucose
levels decreased to normal in comparison to subnormal levels
induced by glibenclamide administration, a common therapy
for type 2 diabetes. Therefore, analogue 8 is an attractive drug
candidate for the treatment of type 2 diabetes in that it may
promote insulin secretion without hypoglycemia.

Figure 5. Hydrolysis of analogues 8-10 and ATP by alkaline
phosphatase monitored by HPLC. Hydrolysis of 4 mM nucleotide
by alkaline phosphatase (12.5 units) at 37 �Cwas monitored for 3 h.

Figure 6. Enzymatic hydrolysis of analogue 8 and ATP in human
blood serummonitored byHPLC.Hydrolysis of 0.25mManalogue
8 or ATP in human blood serum (180 μL) and RPMI-1640 (540 μL)
at 37 �C was monitored for 24 h. (A) HPLC chromatograms of
analogue 8 hydrolysates at 3, 7, and 24 h. The location of the peaks
was determined in comparison to nucleotide standards. (B) Percen-
tage of analogue 8 and ATP in human blood serum over time
(hydrolysis t1/2=12.1 and 4.9 h, respectively).
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Experimental Section

General.All air- andmoisture-sensitive reactionswere carried
out in flame-dried, nitrogen-flushed, two-neck flasks sealedwith
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 with UV light. Nucleotides and
dinucleoside polyphosphates were characterized by 1H NMR
spectrometry at 200 or 300MHzor by 31PNMRspectrometry in
D2O, using 85% H3PO4 as an external reference on a Bruker
AC-200 or DPX-300 spectrometer. High resolution mass spec-
tra of nucleotides and dinucleoside polyphosphates were recor-
ded on an AutoSpec-E FISION VG mass spectrometer using
ESI (electron spray ionization) and a Q-TOF microinstrument
(Waters, UK). Primary purification of the dinucleoside poly-
phosphates was achieved on a LC (Isco UA-6) system using a
column of Sephadex DEAE-A25 swollen in 1 M NaHCO3 at
4 �C for 1 day. The resinwaswashedwith deionizedwater before
use. The LC separation was monitored by UV detection at
280 nm. Final purification of the dinucleoside polyphosphates
was achieved byHPLC (Elite Lachrom,Merck-Hitachi) using a
semipreparative reverse-phase column (Gemini 5u C-18 110A,
250 mm� 10.00 mm; 5 μm; Phenomenex, Torrance, CA). The
purity of the dinucleoside polyphosphates was evaluated by
analytical reverse-phase column chromatography (Gemini 5u
C-18 110A, 150 mm�4.60 mm; 5 μm) with two solvent systems:
solvent system I, (A) 100 mM triethylammonium acetate
(TEAA), pH 7, and (B) CH3CN; solvent system II, (A) 0.01 M
KH2PO4, pH 4.5, and (B) CH3CN. The details of the solvent
system gradients used for the separation of each product are
given below. In addition, novel dinucleotides were characterized
byHRMS-ESI (negative).Thepurityof thedinucleotideswasgene-
rallyg95%. All commercial reagents were used without further
purification unless otherwise noted. All reactants in moisture-
sensitive reactions were dried overnight in a vacuum oven.
RPMI 1640 medium was purchased from Sigma-Aldrich. 20,30-
O-Methoxymethylidene-2-MeS-adenosine, 11,19 2-MeS-AMP,
18,41 β,γ-methylene-2-MeS-ATP, 20,22 R,β-methylene-2-MeS-
ADP, 17, and 2-MeS-ADP, 15,42 were prepared, as previously
described. R,β-Methylene-2-MeS-ADP, 17, was prepared from
12 (216 mg, 0.42 mmol), using dry DMF (1 mL) and was obtai-
ned at a 88% yield (250 mg, 0.37 mmol) after medium pressure
liquid chromatography (MPLC; Biotage, Kungsgatan, Uppsala,
Sweden). The spectral data for 17 were consistent with the
literature.43 2-MeS-ADP, 15, was prepared from 12 (260 mg,
0.51 mmol) using dry DMF (2 mL) and was obtained at a 77%
yield (206 mg, 0.39 mmol) after LC. The spectral data for 15
were consistent with the literature.41 20,30-O-Methoxymethyli-
dene-2-MeS-adenosine, 11, was separated by MPLC using a
silica gel (25þM) column and the following gradient scheme:
3 column volumes (CV) of 100:0 (I) CHCl3:(II) EtOH, 5 CV of a
gradient from 100:0 to 90:10 I:II and 4 CV of 90:10 I:II at a flow
rate of 12.5 mL/min and was obtained at a 60% yield. R,β-
Methylene-2-MeS-ADP, 17, was separated by MPLC using a
C-18 (12þM) columnand the following gradient scheme: 5 column
volumes (CV) of 100:0 (A) TEAA:(B) MeOH, 7.5 CV of a
gradient from100:0 to 60:40A:B and 3CVof 60:40A:B at a flow
rate of 12 mL/min. pH measurements were performed with an
Orion microcombination pH electrode and a Hanna Instru-
ments pHmeter. 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 and centrifuged in plastic tubes at 1500g for 15 min
at RT. The serum was separated and stored at -80 �C.

Typical Procedure for the Preparation of Dinucleoside Poly-

phosphates 8-10. 2-MeS-AMP(Oct3NHþ)2 was prepared from
2-MeS-AMP(NH4

þ)2 salt. R,β-Methylene-2-MeS-ADP(Bu3-
NHþ)2, 2-MeS-ADP(Bu3NHþ)2, andβ,γ-methylene-2-MeS-ATP-
(Bu3NHþ)2 salts were prepared from R,β-methylene-2-MeS-

ADP(Et3NHþ)2, 2-MeS-ADP(NH4
þ)3, and β,γ-methylene-

2-MeS-ATP(NH4
þ)4 salts, respectively. All salts were passed

through a column of activated Dowex 50WX-8 200 mesh, Hþ

form. The column eluates were collected in ice-cooled flasks
containing 2 equiv of tributylamine in EtOH. The resulting
solutions were freeze-dried and stored at -20 �C until use.

Bis(tributylammonium) 2-MeS-ADP salt, 15 (110 mg, 0.15
mmol), was dissolved in dryDMF(3mL) andCDI (121mg, 0.75
mmol) was added. The resulting solution was stirred at RT for
3 h. Dry MeOH (61 μL, 9 mmol) was added. After 30 min, a
solution of bis(tributylammonium) R,β-methylene-2-MeS-
ADP, 17 (112 mg, 0.15 mmol), in dry DMF (3 mL) and MgCl2
(113 mg, 8 equiv) was added. A clear solution was attained after
a few minutes. The resulting solution was stirred at RT over-
night.Deionizedwaterwas added, and the resultingmixturewas
freeze-dried. The resulting solid residue was dissolved in deio-
nized water and separated on an activated Sephadex DEAE-
A25 column. A buffer gradient of water (1 L) to 0.5 M NH4H-
CO3 (1 L) was applied. The relevant fractions were collected,
freeze-dried, and excess NH4HCO3 was removed by repeated
freeze-drying cycles with deionized water to obtain the product
as a white powder. The final dinucleoside polyphosphate puri-
fication was achieved with a semipreparative reverse-phase
column and isocratic elution [CH3CN/100 mM triethylammo-
nium acetate (TEAA), pH 7] at a flow rate of 5 mL/min. The
fraction containing the product was freeze-dried. The excess
buffer was removed by repeated freeze-drying cycles, with the
solid residue dissolved each time in deionized water. The triethyl-
ammonium counterions were finally exchanged for Naþ by
passing the pure dinucleoside polyphosphate analogue through
a Sephadex-CM C-25 (Naþ form) column. Analogue 8 was
obtained at a 75% yield (113 mg) after LC. Analogue 9 was
obtained from 2-MeS-AMP(NH4

þ)2, 18 (39 mg, 0.09 mmol),
and β,γ-methylene-2-MeS-ATP(NH4

þ)4, 20 (58 mg, 0.09 mmol),
at a 85% yield (78 mg) after LC. Analogue 10 was obtained from
2-MeS-AMP(NH4

þ)2, 18 (50mg, 0.18mmol), andR,β-methylene-
2-MeS-ADP(Et3NHþ)3, 17 (80 mg, 0.18 mmol), at a 51% yield
(83 mg) after LC. The identity and purity of the products were
established by 1H and 31P NMR spectrometry, MALDI mass
spectrometry, and HPLC with two solvent systems.

Di-(2-MeS)-adenosine 50,50 0-P1,P4,r,β-Methylene-tetraphos-

phate, 8: Separation and Characterization. Analogue 8 was
purified by HPLC on a semipreparative reverse-phase column
using solvent system I with a gradient from 90:10 to 70:30 A:B
over 15min at a flow rate of 5mL/min.Retention time: 8.58min.
1HNMR(D2O; 300MHz): δ 8.22 (s;H-8; 1H), 8.21 (s;H-8; 1H),
6.00 (d; J=3.30 Hz; H-10; 1H), 5.98 (d; J=3.60 Hz; H-10; 1H),
4.78 (H20 signals are hidden by the water signal), 4.54 (m; H-30;
2H), 4.32 (m; H-40, 2H), 4.22 (m; H-50; 1H), 4.16 (m; H-500; 1H),
2.52 (s; CH3; 3H), 2.50 (s; CH3; 3H), and 2.44 (t; J=20.70 Hz;
CH2; 2H) ppm. 31P NMR (D2O; 81 MHz): δ 19.49 (d; JRβ =
7.04 Hz; PR), 12.60 (dd; JRβ = 7.04 Hz, Jγβ = 24.46 Hz; Pβ),
-8.40 (d; Jγδ=18.63 Hz; Pδ), and -18.51 (dd; Jβγ=24.46 Hz,
Jδγ=18.63Hz; Pγ) ppm.TLC (NH4OH:H2O:isopropanol 2:8:11),
Rf 0.35. HRMSMALDI (negative)m/zC23H30N10Na5O18P4S2:
calculated: 1036.9620; found: 1036.9614 [M4- þ (Naþ)5]. Puri-
fication on an analytical column, retention time: 4.58 min
(98.5% purity), using solvent system I with a gradient from
85:15 to 60:40 A:B over 15 min at a flow rate of 1 mL/min;
retention time: 7.72 min (97.0% purity), using solvent system II
with a gradient from 95:5 to 70:30 A:B over 10min at a flow rate
of 1 mL/min.

Di-(2-MeS)-adenosine 50,50 0-P1
,P

4
,β,γ-Methylene-tetraphos-

phate, 9: Separation and Characterization. Analogue 9 was
purified by HPLC on a semipreparative reverse-phase column
using solvent system I with a gradient from 80:20 to 74:26 A:B
over 6 min at a flow rate of 5 mL/min. Retention time: 3.45 min.
1HNMR (D2O; 300MHz): δ 8.23 (s; H-8; 2H), 6.01 (d; J=5.10
Hz; H-10; 2H), 4.78 (H20 signals are hidden by the water signal),
4.53 (m; H-30; 2H), 4.34 (m; H-40, 2H), 4.23 (m; H-50, 500; 4H),
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2.54 (s; CH3; 6H), and 2.53 (t; J=21.31 Hz; CH2; 2H) ppm. 31P
NMR (D2O; 81MHz): δ 10.35 (d; J=24.94 Hz; Pβ), and-7.97
(d; J=7.04 Hz, Jγβ=24.94 Hz; PR) ppm. TLC (NH4OH:H2O:
isopropanol 2:8:11), Rf 0.35. HRMS MALDI (negative) m/z
C23H30N10Na5O18P4S2: calculated: 1036.9610; found: 1036.9614
[M4- þ (Naþ)5]. Purification on an analytical column, retention
time: 3.99 min (94.8% purity), using solvent system I with a
gradient from 85:15 to 60:40 A:B over 15 min at a flow rate of
1 mL/min; retention time: 7.84 min (91.2% purity), using
solvent system II with a gradient from 90:10 to 70:30 A:B over
10 min at a flow rate of 1 mL/min.

Di-(2-MeS)-adenosine 50,50 0-P1
,P

3
,r,β-Methylene-triphosphate,

10: Separation and Characterization. Analogue 10 was purified
by HPLC on a semipreparative reverse-phase column using
solvent system I with a gradient from 90:10 to 70:30 A:B over
15 min at a flow rate of 5 mL/min. Retention time: 8.58 min. 1H
NMR (D2O; 300MHz): δ 8.15 (s; H-8; 2H), 5.96 (d; J=4.50Hz;
H-10; 2H), 5.94 (d; J=4.80 Hz; H-10; 2H), 4.68 (m; H-20; 2H),
4.49 (m; H-30; 2H), 4.31 (m; H-40, 2H), 4.24 (m; H-50; 2H), 4.15
(m; H-50 0; 2H), 2.50 (s; CH3; 3H), 2.48 (s; CH3; 3H), and 2.37
(m; CH2; 4H) ppm. 31P NMR (D2O; 81MHz): δ 17.13 (d; JβR=
8.66 Hz; PR), 9.45 (dd; JRβ=8.66 Hz, Jγβ=25.92 Hz; Pβ), and
-9.93 (d; Jβγ = 25.92 Hz; Pγ) ppm. TLC (NH4OH:H2O:
isopropanol 2:8:11), Rf 0.61. HRMS MALDI (negative) m/z
C23H27D3N10O15P3S2: calculated: 846.0734; found: 846.0729
(M-3-deuterium). Purification on an analytical column, reten-
tion time: 5.20 min (99.7% purity), using solvent system I with a
gradient from 85:15 to 60:40 A:B over 15 min at a flow rate of
1 mL/min; retention time: 5.33 min (99.1% purity), using sol-
vent system II with a gradient from 90:10 to 70:30 A:B over
10 min at a flow rate of 1 mL/min.

20,30-O-Methoxymethylidene-50-O-Tosyl-2-MeS-adenosine, 12.
A solution of 4-DMAP (132 mg, 1.07 mmol, 4 equiv) in CH2Cl2
(1 mL) and a solution of TsCl (130 mg, 0.67 mmol, 2.5 equiv) in
dry CH2Cl2 (1 mL) were added to a suspension of 20,30-O-
methoxymethylidene 2-MeS-adenosine, 11 (95 mg, 0.27 mmol),
in CH2Cl2 (3 mL) in a flame-dried two-neck flask under N2 at
RT. The suspension turned clear, and the reaction mixture was
stirred for 2 h at RT. CH2Cl2 (30 mL) was added to the reaction
mixture, which was extracted with saturated NaHCO3 solution
(3� 30 mL). The organic phase was treated with Na2SO4 and
filtered. The solvent was removed under reduced pressure, and
the residue was separated by MPLC using a silica gel (25þM)
column and the following gradient scheme: 3 column volumes
(CV) of 100:0 (A) CH2Cl2:(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
25 mL/min. The relevant fraction was collected and the solvent
was removed under reduced pressure to obtain analogue 12 at a
85% yield (115mg) as a white solid. 1HNMR (CDCl3; 200MHz):
δ 7.83 (s; H-8; 2H), 7.69, 7.23 (2 m, 2H), 6.34, 6.29 (2 br s, NH2,
2H), 6.17, 6.05 (2d; J = 2.60 Hz; H-10, 1H), 6.07, 6.01 (2s,
CH-OMe, 1H), 5.56, 5.53 (2dd; J= 2.60 Hz; H-20; 1H, J=
7.20 Hz; H-20, 1H), 5.21, 5.06 (2dd, J=7.20 Hz; H-30; 1H, J=
3.20 Hz; H-30, 1H), 4.66, 4.52 (2 m, H-40, 1H), and 4.31 (m, H50,
H50 0, 4H) ppm.MS-ESIm/z 584 (M-). TLC (CHCl3:EtOH 9:1),
Rf 0.64.

Evaluation of the Stability of Analogues 8-10 with Alkaline

Phosphatase. Alkaline phosphatase activity was determined by
the release of p-nitrophenol from p-nitrophenyl phosphate
measured by a UV-vis spectrophotometer at 405 nm.44 Rela-
tive enzymatic hydrolysis and resistance to hydrolysis of ana-
logues 8-10 were determined at 37 �C. A solution of 0.2 mg of
the analogue in 77.5 μL deionized water, 0.1 M Tris-HCl, and
0.1 M MgCl2 containing calf intestine alkaline phosphatase
(Fermentas Inc., Glen Burnie,MD; 10 unit/μL; 1.25 μL, 12.5 units)
was incubated at 37 �C. The final pH was 9.8. After 3 h, the
reaction was stopped by incubation of the sample at 80 �C for
15 min. Samples were loaded onto an activated starta X-AW
weak anion exchange cartridge, washed with H2O (1 mL) and
MeOH:H2O (1:1, 1 mL), eluted with NH4OH:MeOH:H2O

(2:25:73, 1 mL), and then freeze-dried. The resulting residue
was analyzed byHPLC on aGemini analytical column (5μC-18
110A; 150 mm� 4.60 mm), using gradient elution with solvent
systemIat90:10 to70:30A:Bover12minata flowrateof1mL/min.
The hydrolysis rates of analogues 8-10 with alkaline phospha-
tase were determined bymeasuring the change in the integration
of the HPLC peaks for each analogue over time.

Evaluation of the Stability of Analogue 8 in Human Blood
Serum. The assay mixture containing 40 mM analogue 8 in
deionized water (4.5 μL), human blood serum (180 μL), and
RPMI-1640medium (540 μL)22 was incubated at 37 �C for 0-24 h
and aliquots were withdrawn at 0.5-12 h intervals. Each sample
was then heated to 80 �C for 30 min, treated with CM Sephadex
(1-2mg), stirred for 2 h using amagnetic stirrer, centrifuged for
6 min (13000 rpm; 17900 rcf), and the aqueous layer was
collected and extracted with chloroform (2 � 500 μL). The
aqueous layer was freeze-dried and then dissolved in 100 μL of
deionized water. Samples were loaded onto an activated starta
X-AWweak anion exchange cartridge, washedwithH2O (1mL)
and MeOH:H2O (1:1, 1 mL), eluted with NH4OH:MeOH:H2O
(2:25:73, 1 mL), and then freeze-dried. The resulting residue was
analyzed by HPLC on a Gemini analytical column (5u C-18
110A; 150 mm� 4.60 mm) using gradient elution with solvent
systemIat90:10 to70:30A:Bover12minata flowrateof1mL/min.
The hydrolysis rate of analogue 8 in human blood serum was
determined by measuring the change in the integration of the
HPLC peak for analogue 8 over time.

Intracellular Calcium Measurements. Human 1321N1 astro-
cytoma cells stably expressing the turkey P2Y1 receptor were
grown in Dulbecco’s modified Eagle’s medium containing 5%
(v/v) fetal bovine serum, 100 units/mL penicillin, 100 μg/mL
streptomycin, and 500 μg/mL Geneticin (G-418; Life Techno-
logies, Inc.). Changes in the intracellular free calcium con-
centration, [Ca2þ]i, were detected by dual-excitation spectro-
fluorometric analysis of cell suspensions loaded with fura-2, as
described previously.45,46 Cells were treated with the indicated
nucleotide or analogue at 37 �C in 10mMHepes-buffered saline
(pH 7.4) containing 1 mM CaCl2 and 1 mM MgCl2, and the
maximal increase in [Ca2þ]i was determined at various nucleo-
tide or analogue concentrations to calculate the EC50. Concen-
tration-response data were analyzed with the Prism curve
fitting program (GraphPAD Software, San Diego, CA). Three
experiments were conducted on separate days to evaluate P2Y1

receptor activity.
In Vivo Study. Animals. All animal studies were performed

by Vetgenerics Ltd. (Rehovot, Israel). Wistar Han male rats,
10-11 weeks old, were supplied by Harlan Laboratories (Israel).
All rats were acclimatized for 6 days prior to commencement of
the study. Rats were inspected daily for health and welfare
throughout the study. The animals were weighed, and those
most uniform in weight were surgically cannulated. Cannulated
rats were examined for approximately 48 h following the sur-
gical cannulation to ensure recovery.

Surgical Cannulation Procedure. Animals were anesthetized
with 2.5% isofluran and 97.5% dry air inhalation. Anesthetized
rats were secured in the supine position, and a 2 cmmidline neck
incision was fashioned to access the jugular vein and carotid
artery. A P52 cannula was surgically inserted and fixed in the
jugular vein and flushed with 0.3-0.5 mL of 5% (v/v) hepar-
inized saline after cannulation and also immediately after each
blood collection.

Oral Glucose Tolerance Test (OGTT). The function of each
cannula was checked in the morning of each experiment. Over-
night fasting Wistar Han rats with functional cannulae were
weighed and their peripheral tail vein blood glucose levels were
measured (Abbott Glucometer FreeStyle and/or FreeStyle
Lite), and animals with similar weights and blood glucose levels
were assigned to the same group. Then rats were left untouched
in individual cages for approximately 2 h. Glibenclamide (1 mg/kg
bodyweight, per os) was administrated at t=-30min, and then
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a glucose challenge of 2 g/kg bodyweight in a volume of 3mL/kg
body weight was orally administered to each rat at t=0 min.
Administration of analogues 4 or 8 (2.5 mg/kg body weight, iv)
and saline control to rats (5 per group) was performed at t=
10 min. Analogues 4 or 8 or saline were injected intravenously
via an iv catheter in volumes of 1 mL saline/kg body weight.
Blood glucose levels were measured immediately following tail-
vein puncture by placing a blood droplet on a glucometer stick
inserted into a glucometer (Abbott FreeStyle and/or FreeStyle
Lite).

For measurements of insulin concentration, blood samples
(150 μL) were withdrawn via the jugular vein cannula and
collected in 0.8 mL tubes containing Z serum/Gel (Mini Collect,
Greiner-bio-one, Austria). Blood was allowed to clot at RT for
at least 30 min. Postclotting, the blood was centrifuged (3000g,
15 min) in a refrigerated centrifuge at 4 �C. Serum was har-
vested, divided into 25 μL aliquots in 0.2 mL flat cap PCR tubes
(Neptune, USA cat. no. 3423), and stored frozen at -20 �C for
5-7 days pending analysis. Serum insulin concentration was
determined using a Rat/Mouse Insulin kit from Smart Assays,
QBI Laboratories, Nes-Ziona, Israel.

Supporting Information Available: Characterization of ana-
logues 8-10 by 31P NMR and syntheses of analogues 9-10.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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