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2-MeS-β,γ-CCl2-ATP is a Potent Agent for Reducing Intraocular Pressure
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Extracellular nucleotides canmodify the production or drainage of the aqueous humor via activation of
P2 receptors and therefore affect the intraocular pressure (IOP). We have synthesized slowly hydro-
lyzable nucleoside di- and triphosphate analogues, 1, and 8-14. Analogues 8-14 were completely
resistant to hydrolysis by alkaline phosphatase over 30 min at 37 �C. In human blood serum, analogues
8-14 exhibited high stability, e.g., analogues 9 and 10-14 were only 15% and 0% degraded after 24 h,
respectively.Moreover, analogues 8-14were highly stable at pH1.4 (t1/2 1 h-30 days). Analogues 8-14
were agonists of the P2Y1 receptor (EC50 0.57-9.54 μM). Ocular administration of most analogues into
rabbits reduced IOP, e.g., analogue 9 reduced IOP by 32% (EC50 95.5 nM). Analogue 9 was more
effective at reducing IOP than several common glaucoma drugs and represents a promising alternative
to timolol maleate, which cannot be used for the treatment of patients suffering from asthma or cardiac
problems.

Introduction

Extracellular nucleotides that activate G protein-coupled
P2Y receptors (P2YRs) are attractive pharmaceutical targets
due to their ability to modulate various functions in many
tissues and organs under normal and pathophysiological
conditions.1-5 Extracellular nucleotides and dinucleotides
have been shown to play a role in ocular physiology and
pathophysiology6 and have been suggested as therapeutic
agents for dry eye, retinal detachment, and glaucoma.7

Ocular hypertension, themost common cause of glaucoma,
is a target for agents that reduce intraocular pressure (IOPa).8

When topically applied to New Zealand white rabbits, some
nucleotides produce an increase in IOP while others decrease
IOP. IOP can be reduced by administration of ATP,9 adeno-
sine tetraphosphate (Ap4),

10 and diadenosine tetraphosphate
(Ap4A).11 In contrast, diadenosine triphosphate (Ap3A) and
diadenosine pentaphosphate (Ap5A) can increase IOP.9,11

Receptors for extracellular nucleotides, including P2Y1,
P2Y2, and P2Y4, have been identified in trabecularmeshwork
cells (TM), an area of tissue in the eye that is responsible for
draining the aqueous humor.12 Among these P2YR subtypes,
activation of the P2Y1R by the selective agonist 2-MeS-ADP

reduces aqueous humor outflow in bovines. Other studies
have reported the presence of P2Y1 and P2Y2 receptors in
bovine TM cells and P2Y1, P2Y4, and P2Y11 receptors in a
human TM cell line.13

The therapeutic potential of endogenous nucleotides for the
treatment of glaucoma is limited because they are degraded by
extracellular enzymes, which reduces their potency, efficacy,
and duration of action. In addition, although nucleotides are
chemically stable in a pH range of 4-11,14 they are rapidly
degraded at more acidic or basic pH. Nucleotides are hydro-
lyzed enzymatically by the ecto-nucleoside triphosphate dipho-
sphohydrolase family of ectonucleotidases (i.e., e-NTPDase
and alkaline phosphatases)15 and ecto-nucleotide pyropho-
sphatases/phosphodiesterases, (i.e., e-NPPs).16,17 Therefore,
there is a need for the identification of enzymatically and
chemically stable nucleotide scaffolds that can be used to
develop selective and potent P2YR agonists.

A few attempts to improve the stability of nucleotides have
been reported,18-26 including the use of phosphate bioisosters
of nucleotides such as phosphonate,27,28 phosphoramide,29

and boranophosphate15,20,27,30,31 analogues. Previously, we
developed a series of β,γ-methylene-ATP, analogue 1, and
β,γ-methylene-ATP(R-borano) derivatives, analogues 2, 3

(Figure 1).27We showed that replacing a β,γ-bridging oxygen
in ATP with a methylene group conferred a significant resis-
tance to enzymatic and chemical (i.e., at pH 1.4 and 37 �C)
hydrolysis.27Wealso showed that replacing thePRnonbridging
oxygen by a borano isoster decreased enzymatic hydrolysis
of the analogues by human blood serum, NTPDase1,2,3,8,
NPP1,3, and alkaline phosphatase.27

Analogues 1-3 also were evaluated as agonists of the
P2Y1R.27 The most effective P2Y1R agonist was analogue 1,
with an EC50 of 80 nM. Yet, although analogues 2 and 3were
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weak P2Y1R agonists (EC50 of 17.2 μM for analogue 3B,
whereas analogues 2A, 2B, and 3A were inactive),27 while the
structurally related analogue 4A (Figure 1) was a potent
P2Y1R agonist with an EC50 of 2.6 nM.15

The decreased activity of analogues 1, 2A, 2B, 3A, and 3B,
as compared to analogue 4A, is possibly related to the elevated
pKa of the terminal phosphate in analogue 4A, as compared to
phosphate (pKa 8.4 vs 6.5, respectively).

32,33 Under physiolo-
gical conditions, i.e., pH 7.4, 91% of ATP is ionized, whereas
the β,γ-methylene analogues of ATP are only 9% ionized in
solution. Analogues 1-3 are 90%protonated at Pγ at pH 7.4,
which likely prevents significant electrostatic interactionswith
positively charged amino residues in the P2Y1R.34,35

The electronegativity of a dihalogenated methylene group
(e.g., CF2, CCl2) lowers the pKa of phosphonate from 8.4 to
6.7-7.0,making it closer to thepKa of phosphate (i.e., 6.5).

36,37

Indeed, nucleotide analogues with a β,γ-dihalomethylene
group were reported to be promising inhibitors of HIV-1
reverse transcriptase,30,37 agonists of P2X2/3 receptors,

38 and
potent antagonists of the P2Y12 receptor.

39,40

The current study describes the synthesis of several nucleo-
side-50-dihalomethylene-di- and triphosphate analogues (i.e.,
analogues8-14, Figure 2) and characterizes their activity at the
P2Y1R, their chemical stability at acidic pH, and their hydro-
lytic stability with alkaline phosphatase, NTPDase1,2,3,8, and
NPP1,3, and human blood serum. Furthermore, the potency,
efficacy, and duration of action of analogues 8-14 have been
evaluated for reduction of IOP in vivo. In comparison to
several commercially available antiglaucoma drugs, analogues
1and9were found tobepromisingandnovel candidates for the
treatment of ocular hypertension and glaucoma through acti-
vation of P2 receptors (P2R).

Results

Synthesis of Analogues 8-14.ATP analogues in which the
β,γ-bridging oxygen is substituted by a methylene group are
conventionally prepared via the activation of the 50-phos-
phate of nucleoside-50-monophosphate (NMP) to form a
phosphoryl donor, followed by a reaction with methylene
bisphosphonate salt (phosphoryl acceptor). Phosphoryl do-
nors were prepared by activation of NMP with carbonyl
diimidazole (CDI),41 trifluoroacetic anhydride, andN-methy-
limidazole42 or dicyclohexylcarbodiimide (DCC),33 followed
by condensation with methylene bisphosphonic acid or its
salt.

Recently, we reported a facile three-step one-pot synthesis
of β,γ-methylene-2-MeS-ATP, analogue 1, at a 35% overall

yield.27 Here, we used this synthetic procedure to prepare the
β,γ-CF2/CCl2-2-MeS-ATPanalogues 8 and 9 (Scheme 1). To
ensure the selectivephosphorylationof2-MeS-adenosineat the
50-OH, we used 20,30-methoxy-methylidene-2-MeS-adenosine,
analogue 15, as the starting material. Analogue 15 was first
treated with POCl3 in trimethylphosphate (TMP) in the pre-
sence of proton sponge at 0 �C for 1-3 h, followed by treatment
with bis(tributylammonium) dihalomethylene-diphosphonate
and tributylamine at 0 �Cfor 40min to 1.5 h. Finally, hydrolysis
of the cyclic intermediates, analogues 17 and 18, in
0.5 M TEAB and deprotection of the methoxymethylidene
groups generated β,γ-CF2-2-MeS-ATP, analogue 8, at a 46%
overall yield, and β,γ-CCl2-2-MeS-ATP, analogue 9, at a 10%
overall yield, respectively. The formation of analogues 8 and 9

was confirmed by the presence of three typical signals in 31P
NMR, as described previously:43 3.24 (m, Pγ), -4.89 (m, Pβ),
and -10.61 (d, PR) ppm for analogue 8, and 8.15 (d, Pγ), 1.04
(dd, Pβ), and-10.22 (d, PR) ppm for analogue 9.

The preparation ofR-borano-β,γ-CF2-2-MeS-ATP, analo-
gue 10,R-borano-β,γ-CCl2-ATP, analogue 11, andR-borano-
β,γ-CCl2-2-MeS-ATP, analogue 12, required the protection
of the 20- and 30-hydroxyl groups in analogues 15 and 21 by
methoxy-methylidene groups, which remained throughout
the entire synthesis until removal in the last step (Scheme 2).
In the first synthetic step, we used PCl3, whichwas rapidly and
completely consumed in less than 30min to formanalogues 22
and 23. Next, dihalogenbisphosphonate salt was added and
the reactions progressed for 25-60 min at 0 �C, followed by
addition of BH3 3 SMe2 at 0 �C and stirring for 1 h at RT to
obtain intermediates 27-29. Finally, hydrolysis of the cyclic
intermediates in 0.5 M TEAB produced analogues 30-32.
The latter analogues were deprotected to generate analogues
10, 11, and 12 at 21%, 18%, and 7% overall yields, respec-
tively, after LC. The identity and purity of analogues 10-12

were established by 1H and 31P NMR, ESI, or MALDI
negative mass spectrometry, and HPLC using two solvent
systems. 31P NMR spectra of analogues 10-12 showed a
typical PR signal as a multiplet at about 80 ppm. 1H NMR
spectra showed borane hydrogen atoms as a very broad signal
at about 0.4 ppm. Because of the chiral center at PR, each
analogue was obtained as a pair of diastereoisomers in a 1:1
ratio. In both the 1H and 31P NMR spectra, there was a slight
difference between the chemical shifts for the two diastereo-
isomers of each analogue. These isomers were well separated
by reverse-phase HPLC with about a 1-2 min difference in
their retention times with the A isomer eluting before the B
isomer.

Figure 1. Structures of previously tested nucleotides.
Figure 2. Structures of nucleotides tested in this study.
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2-MeS-ADP, 7, is a selective and highly potent P2Y1R
agonist. Yet, this agonist suffers from low chemical and
enzymatic stability.44 Therefore, we replaced the R,β-brid-
ging oxygen with a dichloro- or difluoromethylene group in
an attempt to generate potent P2Y1Ragonists with increased
chemical andmetabolic stabilities (i.e., analogues 13 and 14).
The R,β-dihalomethylene-2-MeS-ADP analogues 13 and 14

were prepared as previously reported (Scheme 3).45 Specifi-
cally, the 50-OH of the 20,30-protected 2-MeS-adenosine
analogues 15 and 33 were activated with tosyl chloride
followed by coupling with tris(tetra-n-butylammonium) dihalo
diphosphonate salt. Finally, removal of the protecting group
provided the R,β-dihalomethylene-2-MeS-ADP derivatives,
analogues 13 and 14 at 34% and 18% overall yields, respec-
tively, after LC/MPLC. The relatively high yield of analogue
13 may be due to the higher nucleophility of the difluoro
diphosphonate salt, as compared to analogue 14. In addition
to analogue 13, a small amount of the dinucleotide, analogue
38, (4% yield) was isolated, due to coupling of analogue 36
with analogue 34. Interestingly, the corresponding dichloro
analogue was not detected under the identical reaction
conditions.

Hydrolytic Stability of Analogues 8-14. To explore the
potential of analogues 8-14 as drug candidates, we first
evaluated their hydrolytic stability. Previously, we investi-
gated the effect of a β,γ-methylene group on the hydrolytic
stability of analogues 1-3 at acidic pH, which mimics the
acidity of gastric juice (i.e., pH 1.4 at 37 �C).27 2-MeS-β,γ-
CH2-ATP, analogue 1, R-B,β,γ-CH2-ATP, analogue 2, and
2-MeS-R-B,β,γ-CH2-ATP, analogue 3, were found to be
highly stable at pH 1.4 with t1/2 values for hydrolysis of 65,
19, and 14.5 h, respectively. Although we intend to adminis-
ter these analogues topically, a higher stability of analogues

8-14 at acidic pH, as compared to analogues 1-3, may
suggest a wider range of therapeutic applications.

The hydrolysis of 2-MeS-β,γ-CCl2-ATP, analogue 9, at
pH 1.4 and 37 �C was monitored by HPLC over 216 h
(Figure 3A), and the hydrolysis rate was determined by
integration of the HPLC peaks with time to fit a pseudo-
first-order exponential decay rate equation (Figure 3B),
yielding a half-life of ∼65 h. Analogue 9 was degraded to
2-MeS-AMP and 2-MeS-adenosine.

The hydrolysis of 2-MeS-R-B-β,γ-CF2-ATP, analogue
10 (B isomer) was similarly determined, yielding a half-life
of ∼8 h (Figure 3C). The half-lives of analogues 8, 11
(isomer A), and 12 (isomer B) were 25, 6.7, and 0.7 h,
respectively (data not shown). 2-MeS-R,β-dichloromethy-
lene-ADP, analogue 14, was highly stable at pH 1.4,
with only 15% hydrolysis of the starting material after
6 days. 2-MeS-R,β-difluoromethylene-ADP, analogue 13,
was highly stable, with 61% of the starting material
remaining after 30 days with the remainder degraded to
2-MeS-adenosine.

Resistance of Analogues 8-14 to Degradation by Alkaline

Phosphatase. Alkaline phosphatase is a hydrolase that re-
moves phosphate groups fromnucleotides, thereby regulating
extracellular nucleotide concentrations in vivo. AP usually
catalyzes the hydrolysis of phosphomonoesters yieldingPi and
the corresponding alcohol.46

Therefore, we evaluated the effect of R,β/β,γ-dihalomethy-
lene groups in analogues8-14on the resistance to hydrolysis by
alkaline phosphatase, as compared to ATP, ADP and analo-
gues1-3.Results indicated thatAPdegraded96%ofATPafter
3 h (t1/2 = 1.4 h). Likewise, ADP was completely degraded by
AP after 3 h, whereas 2-MeS-ADPwas 87%degraded after 3 h.
Yet, analogues 8-14were completely resistant to hydrolysis by

Scheme 1
a

aReaction conditions for analogue 8: (a) trimethylphosphate, POCl3, proton sponge, 0 �C, 3 h; (b) 0.5 M bis(tributylammonium)difluoromethylene

diphosphonate in dry DMF, Bu3N, 0 �C, 1.5 h; (c) 0.5M TEAB, pH 7, RT, 1 h; (d) (1) 18%HCl, pH 2.3, RT, 3 h, (2) 24%NH4OH, pH 9, RT, 45 min.

Reaction conditions for analogue 9: (a) trimethylphosphate, POCl3, proton sponge, 0 �C, 1 h; (b) 1 M bis(tributylammonium)dichloromethylene

diphosphonate in dry DMF, Bu3N, 0 �C, 40 min, and then RT, 5 min; (c) 0.5 M TEAB, pH 7, RT, 1 h; (d) as described for analogue 8.
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AP under the same conditions (i.e., 0.2 mg analogue/77.5 μL in
the presence of 12.5 units of AP; data not shown).

Resistance of Analogues 8-14 to Hydrolysis in Human

Blood Serum.Nucleotides and their analogues undergodepho-
sphorylation by enzymes in physiological systems.47-50 Blood
serum contains such enzymes and, therefore, provides a good
model system for assessing the metabolic stability of extra-
cellular nucleotides. Previous studies have used human blood
serum51 to demonstrate themetabolic stability of phosphonate
modified nucleotide analogues.30,37 Similarly, we have shown
that in human blood serum the half-lives of β,γ-CH2-ATP and
R-B,β,γ-CH2-ATP, analogues 1-3, were increased by 3.5-
20-fold, as compared to ATP.27

Here, we investigated the effect of incorporation of a β,γ-
dihalomethylene group in analogues 8-14 on the metabolic
stability of these compounds in human blood serum at 37 �C.

As compared to ATP, which is hydrolyzed to ADP and
AMP with a half-life of 4.9 h (Figure 4A), analogue 8 was
hydrolyzed to the corresponding nucleoside 50-monopho-
sphate with a half-life of 12.4 h, whereas analogue 9was only
15% degraded over 24 h (Figure 4B). Furthermore, replace-
ment of the PR nonbridging oxygen in analogues 10-12with
a BH3 group endowed complete resistance to hydrolysis in
human blood serum over 24 h (data not shown). Similarly,
replacement of the PR-Pβ bridging oxygen in 2-MeS-ADP
with CF2/CCl2 produced analogues 13 and 14 that were
completely resistant to hydrolysis in human blood serum
over 24 h, as compared toADP (t1/2= 1.4 h) or 2-MeS-ADP
(t1/2 = 23.5 h) (data not shown).

Analogues 8-14 are Poor Substrates for ecto-50-Nucleoti-

dases.NTPDase1,2,3,8 andNPP1,3 are the principal enzymes
that metabolize extracellular nucleotides. In comparison to

Scheme 2
a

aReaction conditions for analogue 10: (a) trimethylphosphate, PCl3, proton sponge, 0 �C, 30 min; (b) 0.5 M bis(tributylammonium)dichloro-

methylene diphosphonate in dry DMF, Bu3N, 0 �C, 1 h; (c) 2 M BH3 3SMe in THF, 0 �C, 5 min, and then RT, 60 min; (d) 0.5 M TEAB, pH 7, RT, 1 h;

(e) (1) 18% HCl, pH 2.3, RT, 3 h, (2) 24% NH4OH, pH 9, RT, 45 min. Reaction conditions for analogue 11: (a) trimethylphosphate, PCl3, proton

sponge, 0 �C, 30min; (b) 0.5M bis(tributylammonium)dichloromethylene diphosphonate in dryDMF, Bu3N, 0 �C, 25min; (c) 2MBH3 3SMe2 in THF,

0 �C, 5 min and then RT, 25 min; (d) 0.5 M TEAB, pH 7, RT, 45 min; (e) as described for analogue 10. Reaction conditions for analogue 12:

(a) trimethylphosphate, PCl3, proton sponge, 0 �C, 45 min; (b) 0.5 M bis(tributylammonium)difluoromethylene diphosphonate in dry DMF, Bu3N,

0 �C, 50 min; (c) 2 M BH3 3SMe in THF, 0 �C, 5 min then RT, 60 min; (d) and (e) as described for analogue 10.
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ATP (Table 1), analogues 8-14 were barely hydrolyzed
by NTPDase1,2,3,8 (<5%) or NPP1,3 (<10%).

Activities of Analogues 8-14 at the P2Y1Receptor.Earlier,
we reported that 2-MeS-β,γ-methylene-ATP was a potent
and selective P2Y1 receptor (P2Y1R) agonist.27 Here, we
examined whether a β,γ-dihalomethylene substitution in
analogues 8-14 would enhance agonist potency at the
P2Y1R due to the reduced pKa of the terminal phospho-
nate (∼7), as compared to the pKa of 8.452 for the corres-
ponding methylene derivatives. Because analogues 8-14

should be 90% ionized under physiological conditions
(vs 9% ionization for analogue 1), we expected that nega-
tively charged phosphonates in analogues 8-14 would
increase binding to the P2Y1R. Accordingly, the activities
of analogues 8-14 were determined at the turkey P2Y1R
heterologously expressed in human 1321N1 astrocytoma
cells that are devoid of endogenous P2Y receptors.53

P2Y1R activities were evaluated by monitoring increases in
the intracellular calcium concentration, [Ca2þ]i, induced by
the analogues, as compared to 2-MeS-ADP (EC50 0.0025μM
at the P2Y1R).

Surprisingly, analogues 8-14 were found to be weaker
agonists of the P2Y1R than 2-MeS-ADP, analogue 7, with

EC50 values of 0.57-9.54 μM (Table 2). Replacement of the
nonbridging oxygen with BH3 in 2-MeS-R-borano-β,γ-di-
chloromethylene-ATP, analogue 12A (A isomer), produced
the most potent P2Y1R agonist in this series of analogues
(EC50=0.57 μM), whereas the B isomer (analogue 12B) was
2-fold less potent (EC50 = 1.20 μM). Analogues 11A and
11B that lacked a 2-MeS group were inactive at the P2Y1R.

Replacement of the nonbridging oxygen in 2-MeS-β,γ-
difluoromethylene-ATP, analogue 8, with BH3 to generate
analogue 10B resulted in a 3-fold reduction in P2Y1Ractivity
(EC50 = 0.76 μM for analogue 8 vs EC50 = 2.13 μM for
analogue 10B), whereas the A isomer (analogue 10A) had no
activity. Although the R,β-dihalomethylene substitution in
analogues 13 and 14 decreased the rate of degradation by
ecto-nucleotidases (Table 1), as compared to 2-MeS-ADP,
analogues 13 and 14 were weak P2Y1R agonists with EC50

values of 0.98 and 3.1 μM, respectively (Table 2).None of the
analogues tested (8-14) antagonized the effect of equimolar
concentrations of 2-MeS-ADP on P2Y1R activation in
1321N1 cell transfectants (data not shown).

Effect of Nucleotide Analogues on IOP. Nucleotides are
present in the aqueous humor,11 although their action has
not been fully elucidated due to the multiple P2R subtypes

Scheme 3
a

aReaction conditions for analogue 15: (a) CH2Cl2, DMAP, TsCl, RT, 12 h; (b) tetra-(n-butylammonium)difluoromethylene diphosphonate in dry

DMF,RT, 72 h; (c) (1) 18%HCl, pH 2.3, RT, 3 h; (2) 24%NH4OH, pH 9, RT, 45min. Reaction conditions for analogue 33: (a) CH2Cl2, DMAP, TsCl,

RT, 12 h; (b) tetra-(n-butylammonium) dichloromethylene diphosphonate in dry DMF, RT, 72 h; (c) TFA, argon bubbling, RT, 10 min.
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identified in intraocular tissues that are bathed by the aqueous
humor.54 Studies suggest that IOP is regulated by G-protein
coupled P2Y1Rs in trabecular meshwork cells that control
the evacuation of the aqueous humor12 and ligand-gated ion
channel P2X2 receptors located on parasympathetic nerve

Figure 3. Rates of hydrolysis of analogues 9 and 10B at pH 1.4 at
37 �C, as monitored by HPLC. Hydrolysis of 7.5 mM analogue 9 or
10B inKCl/HCl buffer at pH 1.4 and 37 �Cwas recorded for 5 days at
7-17 h intervals. (A) HPLC chromatograms of analogue 9 and
hydrolysates at t = 6, 52, 216 h. (B) Kinetics of acidic hydrolysis of
analogue 9 (t1/2=65 h) and time-dependent formation of degradation
products. (C)Kinetics of acidic hydrolysis of analogue10B (t1/2=8h).

Figure 4. Hydrolysis of ATP and analogues 1, 8, and 9 in human
blood serum (180 μL) andRPMI-1640medium (540 μL) over 24 h at
37 �C, asmonitored byHPLC. (A)Hydrolysis of 0.25mMATP and
production of ADP and AMP. (B) Degradation of analogues 1, 8,
and 9 in human blood serum.

Table 1. Relative Hydrolysis [%] of Analogues 8-14 by Human ecto-
Nucleotidasesa

analogues

human ecto-

nucleotidases 8 9 10A 10B 11A 11B 12A 12B 13 14

NTPDase1 2.6 0.5 1.0 0.4 5.5 3.2 0.7 ND 1.3 ND

NTPDase2 1.1 0.5 1.8 0.9 1.3 1.4 1.5 ND 2.4 1.7

NTPDase3 2.6 ND 4.4 ND 2.6 3.1 0.3 ND ND ND

NTPDase8 5.2 ND 1.7 ND 4.4 4.0 ND 1.8 0.1 ND

NPP1 6.2 5.8 4.0 3.4 5.3 3.3 0.7 4.0 3.9 3.3

NPP3 0.5 1.9 10.0 3.2 ND ND 5.0 ND ND 1.8

aThe ATP and ADP analogues 8-14 (100 μM) were used as sub-
strates of the ecto-nucleotidases identified in the left column. The
relative hydrolysis rates vs 100 μM ATP (set at 100%) were: 403 ( 40,
1006 ( 60, 533 ( 42, 229 ( 20 [nmol Pi 3min-1

3mg protein-1] for
NTPDase1,2,3,8, respectively, and 619 and 245 [nmol nucl 3min-1

3mg
protein-1] for NPP1,3, respectively. ND = not detectable.



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 8 3311

terminals innervating the ciliary bodies.55 P2X receptor activa-
tion potentiates the release of acetylcholine, which induces
contraction of ciliary muscle to open the trabecular meshwork
and reduce IOP.56 In contrast, activation of G-protein coupled
P2Y2 receptors increases IOP.56 The current study examined
the effect of analogues 8-14, as compared to 2-MeS-β,γ-
methylene-ATP (analogue 1), on reduction of IOP in normo-
tensive rabbits to identify novel and potent candidates for the
treatment of ocular hypertension.56 For all the single dose
experiments, 10 μL of a 100 μM solution of tested compounds
was instilled.

Figure 5. (A) Effect of analogues 1, 8-9, and 11-14 (100 μM) on rabbit IOP measured over 8 h vs control: (1) an equal volume of saline
was administered to the contralateral eye; (2) an equal volume of saline was administered to other animals. IOPwasmeasured twice before
the application of any drug and was nearly identical in all animals. (B) Time course for the effects of analogues 1, 9, 13, and 14 (100 μM)on
rabbit IOP over 8 h vs control. Values are the means( SEMof results from 10 independent experiments. (C) Time-course for the effects of
analogues 11B, 12A, and 12B (100 μM) on rabbit IOP over 8 h. Values are the means ( SEM of results from eight independent
experiments. (D)Dose-response curves for themaximal effects of analogues 1, 9, 13, and 14 (100 μM)on rabbit IOP. Values are themeans
( SEM of results from eight independent experiments. (E) Maximal effects of analogues 1 and 9 (100 μM, 10 μL) on rabbit IOP, as
compared to latanoprost (0.005%), dorzolamide hydrochloride (2%), and timolol maleate (0.5%) applied in 40 μL, as compared to
control. (F) Duration of the effects of analogues 1 and 9 (100 μM, 10 μL), as compared to latanoprost (0.005%), dorzolamide
hydrochloride (2%), and timolol maleate (0.5%) applied in 40 μL, as compared to control. The duration of the effect, termed mean-time
effect, was calculated as the time between 50% maximal decrease in IOP after drug administration and a 50% recovery of the initial IOP
value.75

Table 2. Activity of Analogues 8-14 at the P2Y1R, i.e., EC50 (μM)
Values for Analogue-Induced Increases in [Ca2þ]i

analogue

no. EC50

analogue

no. EC50

7 0.0025 11B nra

8 0.76 12A 0.57

9 9.54 12B 1.20

10A nr 13 0.98

10B 2.13 14 3.10

11A nr
a nr = no response.
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Analogues 8 and 11A increased IOP (Figure 5A), whereas
analogues 1, 9, 11B, 12A/B, 13, and 14 reduced IOP
(Figure 5A-C). Analogues 1 and 9 reduced IOP by ∼32%
(at an instilled volume of 10 μL of a 100 μM solution) and
were more effective than Ap4A and Ap4.

10,11 On the basis of
concentration response curves, analogues 1, 9, 13, and 14

exhibited the strongest hypotensive effects with pD2 values
of 4.5 ( 0.7, 7.0 ( 0.7, 5.1 ( 0.3, and 4.5 ( 0.4, respectively
(all assays were performed by instilling 10 μL of 1 nM-
100 μM analogue solutions). The rank order of potency
for reduction of IOP was 9 > 13 > 1 > 14, with EC50

values of 95.5 nM, and 7.9, 30.2, and 31.6 μM, respectively
(Figure 5D). In comparison to other agents shown to reduce
IOP, analogues 1 and 9were more effective than latanoprost
(a prostglandin analogue) and dorzolamide hydrochloride
(a carbonic anhydrase inhibitor) and equally effective as
timolol maleate (a β-blocker) (all commercial drugs were
tested at a fixed volume of 40 μL) (Figure 5E). The duration
effect of the reduction in IOP induced by the nucleotides was
comparable to the commercially available compounds. The
reduction in IOP induced by analogues 1 and 9 persisted for
3.5 and 4.5 h, respectively, whereas latanoprost was effective
for 5.5 h (Figure 5F).

Discussion

Chemical Stability of Analogues 8-14. Previously, we
analyzed the chemical stability of analogues 1-3 at gastric
juice pH of 1.4 (t1/2 65, 19, and 14.5 h, respectively).27 Here,
we determined whether a β,γ-dihalomethylene group in-
creases the chemical stability of these nucleotide analogues
as compared to the presence of a β,γ-methylene group.

We found that analogues 8 and 9 exhibited high stability at
pH 1.4 with half-lives of 25 and 65 h, respectively, compar-
able to the t1/2 values of the methylene analogues 1-3.
Hydrolytic cleavage of the PR-O-Pβ bond in both analo-
gues 8 and 9 results in formation of 2-MeS-AMP and β,γ-
dihalomethylene diphosphonate. We hypothesize that the
lower chemical stability of analogue 8 as compared to 9may be
due to the higher electronegativity of fluorine vs chlorine,
resulting in a better leaving group in β,γ-difluoromethylene
diphosphonate. Furthermore, we postulate that accessibility of
a water molecule for nucleophilic attack on PR or Pβ is more
restricted for analogue 9 than analogue 8 due to the steric
hindrance of the larger chlorine atom resulting in a longer t1/2.

Analogues 10-12 were less stable at pH 1.4 (t1/2 = 8.0, 6.7,
and 0.7 h, respectively), as compared to analogues 8 and 9, due
to the lowstabilityof theP-Bbondunderacidic conditions.57,58

Analogues 13 and 14 were significantly more stable at pH
1.4, as compared to analogues 8 and 9, respectively. Thismay
be related to differences in the stability of the partial negative
charge on the 50-phosphonate (PR) and 50-oxygen atoms
of analogues 8/9 and analogues 13/14, respectively, after
hydrolysis, i.e., greater stability of a phosphate vs phospho-
nate group resulting inmore extensive hydrolysis and shorter
t1/2 values for analogues 8/9 vs 13/14.

Enzymatic Stability of Analogues 8-14. Previously, we
reported on the stability of analogue 1 vs ATP in human
blood serum (t1/2 = 12.1 vs 3.6 h, respectively),27 whereas
here we found that analogue 9 was even more stable,
exhibiting only 15% degradation after 24 h in human blood
serum vs ATP (t1/2 = 4.9 h). We postulate that the enhanced
stability of analogue 9 is probably due to steric effects. The
bulky chlorine atoms cause analogue 9 to be aweak substrate

for enzymatic dephosphorylation. Likewise, analogues
10-14 were not enzymatically hydrolyzed due to the repla-
cement of the nonbridging oxygen with a borano group.

Previously, we found that 2-MeS-R-borano-ATP (A-iso-
mer), analogue 4, was susceptible to hydrolysis by alka-
line phosphatase, resulting in R-borano-2-MeS-AMP and
2-MeS-R-borano-ADP.27 For example, alkaline phospha-
tase hydrolyzed 60% of 2-MeS-R-borano-ATP (A-isomer)
within 12 min at 37 �C, and only traces of 2-MeS-R-borano-
ATP remained after 100 min. The substitution of the Pβ,
Pγ-bridging CH2 group with a CX2 group as in analogues 10
and 12 rendered these analogues completely resistant to
hydrolysis by alkaline phosphatase over 30 min at 37 �C.
Furthermore, analogues 8-14 were highly resistant to hydro-
lysis by NTPDases1,2,3,8, and NPP1,3 (less than 5% hydro-
lysis, as compared to ATP). In particular, analogue 12B was
completely resistant tohydrolysis byNTPDase1,2,3 andNPP3.
The extremely low rate of enzymatic hydrolysis of these
analogues is related primarily to the presence of a phosphonate
moiety at Pβ, Pγ (analogues 8-12) or PR, Pβ (analogues 13, 14).
Bulky Cl atoms at CX2 further increase the enzymatic stability
of the analogues, as compared toF atoms (e.g., greater stability
for analogue 9 vs analogue 8). The further addition of a borano
modification at PR of analogue 9 yielded analogue 12, the most
stable analogue synthesized, indicating that NTPDase and
NPP are not tolerant to steric hindrance at PR.

Activity of Analogues 8-14 at the P2Y1R. Although
analogues 8-14 were shown to be resistant to enzymatic
hydrolysis, they were less potent agonists of the P2Y1R than
the more rapidly hydrolyzed 2-MeS-ADP.

Whereas the activity of analogue 1 at the P2Y1R was
20-fold lower than 2-MeS-ADP (EC50 = 0.0025 μM),27 the
activities of the corresponding β,γ-dihalomethylene analo-
gues 8 and 9were 300- to 3800-fold lower than 2-MeS-ADP,
respectively.

Apparently, the presence of a thiomethyl group at the
adenine C-2 position is essential for P2Y1R activity because
analogues 11A and 11B were inactive. Yet, any halogen
substitution at the phosphonate carbon was not tolerated
by the P2Y1R.

Considering the rank order of agonist potency obtained at
the P2Y1R, analogue 1 > 8 > 9, we believe that the major
parameter determining the affinity of this series of P2Y1R
agonists is the steric constraints of the ligand binding site of
the P2Y1R rather than the pKa values of the analogues’
phosphonate moieties.52,59 The smaller size of the β,γ-
methylene group presumably allows tighter receptor binding
than the larger β,γ-dihalomethylene group, consistent with
the EC50 values at the P2Y1R obtained for analogues 13 and
14 (Table 2).

Effect of Nucleotide Analogues on IOP. In the current
study,we demonstrate the ability of analogues 1, 9, 11B, 12A,
12B, 13, and 14 to reduce IOP in male New Zealand white
rabbits, whereas analogues 8 and 11A increased IOP. The
two compounds exhibiting the strongest hypotensive effect
(maximal hypotensive effect of about 32% reduction) were
analogues 1 and 9 (EC50 values of 30.2 μM and 95.5 nM,
respectively), equally or more effective than hypotensive
drugs currently on the market (Figure 5E). This is a sig-
nificant finding because nucleotide analogues activate dif-
ferent receptors than hypotensive drugs commonly used for
treatment of glaucoma and may represent alternatives for
patients unable to use the currently approved drugs. Side
effects are common with current glaucoma medications.
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Thus, β-blockers (e.g., timolol maleate) can cause bradycar-
dia and hypertension60 and are not suitable for patients
with cardiac problems or asthma, obstructive pulmonary
disease, and corneal dystrophy.61 Cholinergic agents (e.g.,
pilocarpine) produce fixed pupils and induce myopia and
cataracts,62-64 whereas prostaglandins (e.g., latanoprost)
cause eyelash growth, iris pigmentation,65 and muscle and
joint pain.60 The development of stable and potent nucleo-
tide analogues should expand the limited repertoire of drugs
currently used for the treatment of glaucoma.

We found no correlation between the potency of nucleo-
tide analogues at the P2Y1R and their ability to reduce IOP
because analogues 1 and 9 activated the P2Y1R with EC50

values in the nanomolar andmicromolar range, respectively,
yet analogue 9 was more potent than analogue 1 at redu-
cing IOP. These findings may imply that these analogues
reduce IOP not solely via activation of the P2Y1R, as
previously described,55 but via activation of other P2 recep-
tors. Interestingly, replacing the β,γ-bridging oxygen with a
β,γ-difluoromethylene group increases IOP (analogue 8),
whereas substitution with β,γ-dichloromethylene generates
an analogue that is strongly hypotensive (analogue 9). Like-
wise, replacement of the PR nonbridging oxygen with BH3

results in a significant reduction in IOP (except for analogue
11A), as does a thiomethyl substitution at the C-2 position in
the adenine ring.

The enhanced activity of analogue 9 for reduction of IOP,
as compared to analogues 11-14, is possibly linked to the
significantly enhanced chemical and metabolic stability of
analogue 9 vs analogues 11-14.

Summary

We synthesized chemically and enzymatically stable ana-
logues 8-14 based on ADP and ATP scaffolds modified by
R,β/β,γ-dihalomethylene groups within the phosphate chain.
These analogueswere agonists at theP2Y1R.Analogues 1 and
9, in particular, exhibited the ability to reduce IOP in normo-
tensive rabbits, with EC50 values of 30.2 μM and 95.5 nM,
respectively.Moreover, these analoguesweremore effective at
reducing IOP than several commonly prescribed glaucoma
drugs (e.g., latanoprost and dorzolamide hydrochloride). In
addition, the duration of the hypotensive effect induced by
analogue 9 was comparable to latanoprost, dorzolamide
hydrochloride, and timolol maleate. We conclude that com-
pound 9 is an attractive drug candidate for the treatment of
glaucoma. Furthermore, although slightly less efficacious
than timolol maleate, compound 9 represents a promising
alternative to timolol maleate, as the latter is a β-blocker and
cannot be used for the treatment of patients suffering from
asthma, bronchitis or cardiovascular problems.

Experimental Section

General.All air- andmoisture-sensitive reactionswere carried
out in flame-dried, N2-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 measured at 200, 300, or 600 MHz. Nucleotides were
characterized also by 31P NMR in D2O, using 85% H3PO4,
and 19F NMR using trifluorochloromethane as an external
reference on Bruker AC-200 and DMX-600 spectrometers.

High resolution mass spectra were recorded on an AutoSpec-E
FISION VGmass spectrometer by chemical ionization. Nucleo-
tides were analyzed under ESI (electron spray ionization) condi-
tions on a Q-TOFmicroinstrument (Waters, UK). Primary puri-
fication of the nucleotides 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 resin was washed with
deionized water before use. The LC separation was monitored
by UV detection at 280 nm. Final purification of the nucleo-
tides and separation of diastereomers were achieved on a HPLC
system (Elite Lachrom, Merck-Hitachi) using a semipreparative
reverse-phase column (Gemini 5uC-18 110A250mm� 10.00mm;
5 μm; Phenomenex, Torrance, CA). The purity of the nucleotides
was evaluated with an analytical reverse-phase column system
(Gemini 5u C-18 110A, 150 mm � 4.60 mm; 5 μm; Phenomenex,
Torrance, CA) using two solvent systems: solvent system I, (A)
100 mM triethylammonium acetate (TEAA), pH 7:(B) CH3CN;
solvent system II, (A) 0.01 M KH2PO4, pH = 4.5:(B) CH3CN.
The details of the solvent system gradients used for the separation
of each product are given below. The purity of the nucleotides
was generally g92%. 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 (Roswell Park Memorial Institute) 1640 medium
was obtained from Sigma-Aldrich. 20,30-O-Methoxymethylidene-
adenosine and 2-MeS-adenosine were prepared, as previously
described.15,66 20,30-O-Methoxymethylidene-2-MeS-adenosine was
purified with a MPLC system (Biotage, Kungsgatan, Uppsala,
Sweden) using a silica gel (25þM) column and the following
gradient scheme: 3 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. TEAB was prepared according to
the literature.67 Bis(tributylammonium)difluoromethylene diphos-
phonate salt was purchased from RI Chemical Inc. For prepara-
tion of human blood serum, whole blood taken from healthy
volunteers was obtained from a blood bank (Tel-Hashomer Hos-
pital, 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.

Preparation of Bis(tributylammonium)dichloromethylene Diphos-

phonate Salt. A Hþ Dowex column was used for ion exchange
chromatography. First, 30 mL of Dowex was placed in a column
with cottonwool at the bottom, and then the columnwas washed
with 10%NaOH (150 mL) until the pH of the effluent was basic.
Then the column was washed with distilled water until the pH of
the effluent reached neutral. Then the column was washed with
10%HCl (300 mL), followed by distilled water until the effluent
reached acidic and neutral pH, respectively. A flask containing
Bu3N (2 equiv) in EtOH was placed in an ice bath under the
column and stirred.

The disodium form of dichloromethylene diphosphonate salt
was dissolved in distilledwater, poured onto the column, and the
column was washed with distilled water until the pH of the
effluent was neutral. The effluent was dropped into the Bu3N/
EtOH solution. The final solution of bis(tributylammonium)-
dichloromethylene diphosphonate salt was then freeze-dried.

Preparation of 2-MeS-adenosine-50-O-triphosphate-β,γ-methy-

lene-dihalogen Derivatives, 8 and 9. 1,8-Bis(dimethylamino)naph-
thalene (156mg, 0.72mmol, 2 equiv) was added at 0 �C to20,30-O-
methoxymethylidene-2-MeS-adenosine, analogue 15, (130 mg,
0.36mmol) in trimethylphosphate (2.5 mL) in a flame-dried two-
neck flaskunderN2, and the reactionwas stirred for 20minuntil a
clear solution was attained. POCl3 (66 μL, 0.72 mmol, 2 equiv)
was added at 0 �C. The solution was stirred at 0 �C for 1 h. A
0.5Msolutionof bis(tributylammonium)dihalomethylenediphos-
phonate salt (660 mg, 1.13 mmol, 3 equiv) in dry DMF (1.4 mL)
and tributylamine (360 μL, 1.46 mmol, 4 equiv) was added at
0 �C, and the reaction mixture was stirred for 90 min. A 0.5 M
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solution of TEAB (15 mL) was added at RT, and the reac-
tion mixture was stirred for 60 min and then freeze-dried. The
residuewas dissolved inwater and treatedwith 18%HCl until the
pH was 2.3, and then the mixture was stirred for 3 h at RT.
Finally, the mixture was treated with 24%NH4OH solution, and
the pH was adjusted to 9. The solution was stirred for 45 min at
RT and then freeze-dried. The resulting residue was dissolved
in deionized water (100mL) and extracted with diethyl ether (2�
50 mL) and then chloroform (50 mL). The aqueous phase was
freeze-dried. The resulting residue was separated on an activated
Sephadex DEAE-A25 column (0-0.5 M NH4HCO3; total
volume 2 L). The relevant fractions were collected, freeze-dried,
and excess NH4HCO3 was removed by repeated freeze-drying
with deionized water to yield the product as a white powder. The
product was purified by LC, yielding analogue 8 at a 46% yield
(110 mg) and analogue 9 at a 10% yield (19.6 mg). Finally, the
nucleotide triethylammonium counterions were exchanged for
Naþ ions by passing analogues 8 and 9 through a Sephadex-CM
C-25 Naþ-form column. The spectral data for analogues 8 and 9

were consistent with the literature.43

Preparation of Adenosine-50-O-(r-boranotriphosphate)-β,γ-
methylene-dihalogen Derivatives, 10-12. 20,30-O-Methoxy-
methylidene adenosine derivatives (analogues 14 or 20; 50 mg,
0.14 mmol) were dissolved in trimethylphosphate (0.7 mL) in a
flame-dried two-neck flask under N2. 1,8-Bis(dimethylamino)-
naphthalene (60 mg, 0.28mmol, 2 equiv) was added at 0 �C, and
the reaction was stirred for 20 min until a clear solution was
attained. PCl3 (23 μL, 0.28 mmol, 2 equiv) was added at 0 �C,
and awhite solid precipitated. The suspensionwas stirred at 0 �C
for 45 min. Then, a 0.5 M solution of bis(tributylammonium)
dihalomethylene diphosphonate salt (245 mg, 0.42 mmol,
3 equiv) in dry DMF (0.6 mL) and tributylamine (134 μL,
0.56 mmol, 4 equiv) was added at 0 �C, and the reaction mixture
was stirred for 50 min. A 2M solution of BH3 3 SMe2 complex in
THF (0.7 mL, 2.81 mmol, 10 equiv) was added at 0 �C, and the
reactionmixture turned clear. The solution was stirred for 5min
at 0 �C and then for 60 min at RT. Finally, a 0.5 M TEAB
solution (15 mL) was added at RT, and the mixture was stirred
for 60 min and then freeze-dried. The residue was dissolved in
water, treated with 18%HCl until the pH was 2.3, and then the
mixture was stirred for 3 h at RT. Finally, the mixture was
treated with 24% NH4OH, and the pH was adjusted to 9. The
solution was stirred for 45 min at RT and then freeze-dried. The
resulting residue was dissolved in deionized water (100 mL)
and extracted with diethyl ether (2 � 30 mL) and chloroform
(30 mL). The aqueous phase was freeze-dried. The resulting
residue was separated on an activated Sephadex DEAE-A25
column (0-0.5 M NH4HCO3; total volume 2 L). The relevant
fractionswere collected, freeze-dried, and excessNH4HCO3was
removed by repeated freeze-drying cycles with deionized water
to obtain the product as a white powder. The product was
purified by LC yielding analogue 10 at a 21% yield (13 mg),
analogue 11 at a 18% yield (14 mg), and analogue 12 at a 7.2%
yield (18.6 mg). The diastereomers of analogues 10, 11, and 12

were separated on a HPLC column, under the conditions
described below. Finally, the purified diasteroisomers were
passed through a Sephadex-CM C-25 Naþ-form column to
exchange triethylammonium ions for Naþ.

Separation of 2-MeS-adenosine-50-O-(r-boranotriphosphate)-
β,γ-CF2 (10A and 10B). The separation of analogue 10 diaster-
eoisomers, 10A and 10B, was accomplished using a semipre-
parative reverse-phase Gemini 5u column and isocratic elution
with 80:20 (A) 100 mM TEAA, pH 7:(B) MeOH at a flow rate
of 5 mL/min. Fractions containing purified isomers [Rt = 12.78
min (10A isomer); 14.75 min (10B isomer)] were collected and
freeze-dried. Excess buffer was removed by repeated freeze-
drying cycles, with the solid residue dissolved each time in
deionized water. Diastereoisomers 10A and 10B were obtained
at 21% overall yield (18.6 mg) after LC separation.

Characterization of 2-MeS-adenosine-50-O-(r-boranotriphos-
phate)-β,γ-CF2 (10A). Retention time on a semipreparative
column: 12.78 min. 1H NMR (D2O; 600 MHz): δ 8.43 (s; H-8;
1H), 6.13 (d; J=5.40 Hz; H-10; 1H), 4.80 (t; J=5.40 Hz; H-20;
1H), 4.65 (m; H-30; 1H), 4.36 (m; H-40; 1H), 4.31 (m; H-50; 1H),
4.13 (m; H-50 0; 1H), 2.58 (s; CH3; 3H), and 0.45 (m; BH3; 3H)
ppm. 31P NMR (D2O; 243MHz): δ 83.50 (m; PR-BH3), 4.71 (m;
Pγ), and -2.25 (m; Pβ) ppm. 19F NMR (D2O 188 MHz): δ
-115.38 (t, J = 79.27) ppm. MS-ESI m/z: 584 (M-). TLC
(NH4OH:H2O:2-propanol 2:8:11), Rf = 0.12. Purity data ob-
tained on an analytical column: retention time: 7.82 min (95.3%
purity) using solvent system Iwith a gradient from85:15 to 50:50
A:B over 15 min at a flow rate of 1 mL/min. Retention time:
4.89 min (92.8% purity) using solvent system II with a gradient
from 85:15 to 50:50 A:B over 20 min at a flow rate of 1 mL/min.

Characterization of 2-MeS-adenosine-50-O-(r-boranotriphos-
phate)-β,γ-CF2 (10B isomer). Retention time on a semiprepara-
tive column: 14.75 min. 1H NMR (D2O; 600 MHz): δ 8.39 (s;
H-8; 1H), 6.12 (d; J= 5.40 Hz; H-10; 1H), 4.80 (t; J= 5.40 Hz;
H-20; 1H), 4.57 (m; H-30; 1H), 4.37 (m; H-40; 1H), 4.26 (m; H-50;
1H), 4.19 (m; H-500; 1H), 2.58 (s; CH3; 3H), and 0.48 (m; BH3;
3H) ppm. 31PNMR (D2O; 243MHz): δ 84.80 (m; PR-BH3), 4.73
(m; Pγ), and -2.30 (m; Pβ) ppm. 19F NMR (D2O 188 MHz): δ
-115.40 (t, J=79.27) ppm.MS-ESIm/z: 584 (M-). TLC (NH4-
OH:H2O:2-propanol 2:8:11), Rf = 0.12. Purity data obtained
on an analytical column: retention time: 8.17min (87.0%purity)
using solvent system I with a gradient from 85:15 to 50:50 A:B
over 15min at a flow rate of 1mL/min. Retention time: 3.08min
(94.95% purity) using solvent system II with a gradient from
70:30 to 50:50 A:B over 10 min at a flow rate of 1 mL/min.

Separation of Adenosine-50-O-(r-boranotriphosphate)-β,γ-
CCl2 (11). The separation of diastereomers 11A and 11B was
accomplished using a semipreparative reverse-phase Gemini 5u
column (C-18 110A; 250 mm � 10.00 mm; 5 μm) and isocratic
elution with 91:9 (A) 100 mMTEAA, pH 7:(B)MeOH at a flow
rate of 5 mL/min. Fractions containing purified isomers [Rt=
8.37 min (11A isomer); 10.87 min (11B isomer)] were collected
and freeze-dried. Excess buffer was removed by repeated freeze-
drying cycles with the solid residue dissolved each time in
deionized water. Diastereoisomers 11A and 11B were obtained
at 18% overall yield (14 mg) after LC separation.

Characterization of Adenosine-50-O-(r-boranotriphosphate)-
β,γ-CCl2 (11A). Retention time on a semipreparative column:
8.37min. 1HNMR (D2O; 300MHz): δ 8.51 (s; H-8; 1H), 8.14 (s;
H-2; 1H), 6.04 (d; J = 5.7 Hz; H-10; 1H), 4.78 (H-20 and H-30
signals are hidden by the water signal), 4.30 (m; H-50; 2H), 4.05
(m; H-40; 1H), and 0.37 (m; BH3; 3H) ppm. 31P NMR (D2O;
243MHz): δ 83.80 (m; PR-BH3), 9.10 (d; J=19.14 Hz; Pγ), and
2.02 (m; Pβ) ppm. MS-ESI m/z: 570 (M-). HRMS-FAB
(negative) m/z: calculated for C11H18BN5O11Na2P3: 546.0104;
found: 546.0104. TLC (NH4OH:H2O:2-propanol 2:8:11), Rf =
0.3. Purity data obtained on an analytical column: retention
time: 6.88 min (98% purity) using solvent system I with a
gradient from 95:5 to 70:30 A:B over 10 min at a flow rate of
1 mL/min. Retention time: 1.55 min (98% purity) using solvent
system II with a gradient from 85:15 to 70:30 A:B over 10min at
a flow rate of 1 mL/min.

Characterization of Adenosine-50-O-(r-boranotriphosphate)-
β,γ-CCl2 (11B). Retention time on a semipreparative column:
10.87 min. 1H NMR (D2O; 300 MHz): δ 8.49 (s; H-8; 1H), 8.14
(s; H-2; 1H), 6.04 (d; J= 5.7 Hz; H-10; 1H), 4.78 (H-20 signal is
hidden by the water signal), 4.47 (m; H-30; 1H), 4.23 (m; H-50;
H-50 0; 2H), 4.15 (m; H-40; 1H), and 0.37 (m; BH3; 3H) ppm. 31P
NMR (D2O; 243 MHz): δ 84.58 (m; PR-BH3), 9.14 (d; J =
18.46 Hz; Pγ), and 2.11 (m; Pβ) ppm. MS-ESI m/z: 570 (M-).
TLC (NH4OH:H2O:2-propanol 2:8:11), Rf = 0.3. Purity data
obtained on an analytical column: retention time: 7.62 min
(97% purity) using solvent system I with a gradient from 95:5
to 70:30 A:B over 10 min at a flow rate of 1 mL/min. Retention
time: 1.32 min (98% purity) using solvent system II with a
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gradient from 95:5 to 70:30 A:B over 10 min at a flow rate of
1 mL/min.

Separation of 2-MeS-adenosine-50-O-(r-boranotriphosphate)-
β,γ-CCl2 (12A and 12B). The separation of diastereoisomers
12A and 12Bwas accomplished using a semipreparative reverse-
phase Gemini 5u column (C-18 110A; 250 mm � 10.00 mm;
5 μm) and isocratic elution with 82:18 (A) 100 mM TEAA, pH
7:(B) MeOH at a flow rate of 5 mL/min. Fractions containing
purified isomers [Rt = 9.33 min (12A isomer); 10.61 min (12B
isomer)] were collected and freeze-dried. Excess buffer was
removed by repeated freeze-drying cycles with the solid residue
dissolved each time in deionized water. Diastereoisomers 12A
and 12B were obtained at a 7.2% overall yield (13 mg) after LC
separation.

Characterization of 2-MeS-adenosine-50-O-(r-boranotriphos-
phate)-β,γ-CCl2 (12A). Retention time on a semipreparative
column: 9.33 min. 1H NMR (D2O; 300 MHz): δ 8.34 (s; H-8;
1H), 6.04 (d; J=5.10Hz; H-10; 1H), 4.78 (H-20 andH-30 signals
are hidden by thewater signal), 4.30 (m;H-40; 1H), 4.05 (m;H-50;
H-50 0; 2H), 2.49 (s; CH3; 3H), and 0.42 (m; BH3; 3H) ppm. 31P
NMR (D2O; 243 MHz): δ 83.40 (m; PR-BH3), 9.28 (d; J =
17.32Hz;Pγ), and2.65 (m;Pβ) ppm.MS-ESI+m/z: 548 (M-).TLC
(NH4OH:H2O:2-propanol 2:8:11), Rf = 0.15. Purity data ob-
tained on an analytical column: retention time: 7.96 min (90.4%
purity) using solvent system I with a gradient from 95:5 to 65:35
A:B over 13 min at a flow rate of 1 mL/min. Retention time:
2.36 min (87.0% purity) using solvent system II with a gradient
from 95:5 to 60:40 A:B over 10 min at a flow rate of 1 mL/min.

Characterization of 2-MeS-adenosine-50-O-(r-boranotriphos-
phate)-β,γ-CCl2 (12B). Retention time on a semipreparative
column: 10.61 min. 1H NMR (D2O; 300 MHz): δ 8.32 (s; H-8;
1H), 6.02 (d; J=5.40Hz; H-10; 1H), 4.78 (H-20 andH-30 signals
are hidden by thewater signal), 4.28 (m;H-40; 1H), 4.18 (m;H-50;
H-50 0; 2H), 2.48 (s; CH3; 3H), and 0.40 (m; BH3; 3H) ppm. 31P
NMR (D2O; 243MHz): δ 84.49 (m; PR-BH3), 9.17 (d; J=19.16
Hz; Pγ), and 2.35 (m; Pβ) ppm. MS-ESI m/z: 548 (M-). TLC
(NH4OH:H2O:2-propanol 2:8:11), Rf = 0.15. Purity data ob-
tained on an analytical column: retention time: 3.87 min (92.0%
purity) using solvent system I with a gradient from 85:15 to
60:40A:B over 10min at a flow rate of 1mL/min.Retention time:
4.11 min (91.0% purity) using solvent system II with a gradient
from 90:10 to 60:40 A:B over 10 min at a flow rate of 1 mL/min.

Preparation and Characterization of 20,30-O-Methoxymethy-

lidene-50-O-tosyl-2-MeS-adenosine, 34.A solution of 4-dimethy-
laminopyridine (132 mg, 1.07 mmol, 4 equiv) in CH2Cl2 (1 mL)
and a solution of TsCl (130mg, 0.67mmol, 2.5 equiv) in CH2Cl2
(1 mL) were added to a suspension of 20,30-O-methoxymethyli-
dene-2-MeS-adenosine, analogue 15 (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 then 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 using a MPLC system
with a silica (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 fractions were collected,
and the solvent was removed under reduced pressure, yielding
analogue 34 at a 85% yield (115 mg) as a white solid. 1H NMR
(CDCl3; 200 MHz): 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=3.20Hz;H-30; 1H), 4.66, 4.52 (2m,H-40; 1H), and
4.31 (m, H-50; H-50 0; 4H) ppm. MS-ESI-m/z: 584 (M-). TLC
(CHCl3:EtOH, 9:1), Rf = 0.64.

Preparation and Characterization of 20,30-O-Isopropylidene-

50-O-tosyl-2-MeS-adenosine, 35.Asolutionof 4-DMAP (134mg,

1.09 mmol, 4 equiv) in CH2Cl2 (2 mL) and a solution of TsCl
(156mg, 0.82 mmol, 3 equiv) in CH2Cl2 (0.5 mL) were added to a
solution of 20,30-O-isopropylidene adenosine, analogue 33 (97mg;
0.27 mmol), in CH2Cl2 (1 mL) in a flame-dried two-neck flask
under N2 at RT, and the reaction mixture was stirred for 2 h.
CH2Cl2 (50 mL) was added to the reaction mixture, which was
then extractedwith saturatedNaHCO3 solution (3� 30mL). The
organic phase was treated with Na2SO4 and filtered. The solvent
was removed under reduced pressure, and the residue was sepa-
rated using a MPLC system with 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 4CVof 90:10A:Bat a flow rateof 25mL/min.The relevant
fractions were collected, and the solvent was removed under
reduced pressure, yielding analogue 35 at a 51% yield (71 mg)
as awhite solid. 1HNMR (CDCl3; 300MHz): δ 7.90 (s;H-8; 1H),
7.67 (d, J=8.40, 2H), 6.05 (s; H-10; 1H), 5.35 (m;H-20; 1H), 5.00
(m, H-30; 1H), 4.50 (m, H-40; 1H), and 4.25 (m, H-50; H-500; 2H).
MS-ESIm/z: 508 (MHþ).MS-ESIþm/z: 508 (MHþ).TLC(CHCl3:
EtOH 95:5), Rf = 0.79.

Preparation and Characterization of 2-MeS-adenosine-50-O-

diphosphate-r,β-difluoromethylene, 13. 20,30-O-Methoxymethy-
lidene-50-O-tosyl-2-MeS-adenosine, analogue 34 (90 mg; 0.17
mmol), was dissolved in dryDMF(0.4mL) in a flame-dried two-
neck flask under N2. A solution of tris(tetra-n-butylammo-
nium)difluoromethylenediphosphonate45 (0.28 mmol; 1.5 equiv)
in dry DMF (0.3 mL) was added at RT, and the reaction was
stirred for 72 h. Deionized water (20 mL) was added, and the
reactionwas treatedwith 18%HCl until the pHwas 2.3, and then
the mixture was stirred for 3 h at RT. Then, the mixture was
treated with 24% NH4OH, and the pH was adjusted to 9. The
solution was stirred for 45 min at RT and then freeze-dried. The
resulting residue was applied to an activated Sephadex DEAE-
A25 column (0-0.3 M NH4HCO3; total volume of 2 L). The
relevant fractions were collected, freeze-dried, and excess
NH4HCO3 was removed by repeated freeze-drying with deio-
nized water to yield analogue 13 as a white powder. The residue
was separated using aMPLCsystemwith aC-18 (12þM) column
and the following gradient scheme: 5 column volumes (CV) of
100:0 (A) TEAA:(B) MeOH, 7.5 CV of a gradient from 100:0 to
60:40 A:B, and 3 CV of 60:40 A:B at a flow rate of 12 mL/min.
Finally, triethylammonium ions were exchanged for Naþ by
passing the pure analogue 13 through a Sephadex-CM C-25
Naþ-form column. Analogue 13 was obtained at a 34% yield
(61 mg) after MPLC separation. 1H NMR (D2O; 300 MHz): δ
8.18 (s; H-8; 1H), 5.93 (d; J=5.40 Hz; H-10; 1H), 4.78 (H-20 and
H-30 signals are hidden by the water signal), 4.43 (m; H-40; 1H),
4.19 (m; H-50; 1H), 4.15 (m; H-50 0; 1H), and 2.37 (s; CH3; 3H)
ppm. 31P NMR (D2O; 81 MHz): δ 4.48 (m; PR, Pβ) ppm. 19F
NMR (D2O 188MHz): δ 119.16 (dd, J1 = 84.72 Hz, J2 = 80.95
Hz) ppm. MS-ESI m/z: 506 (M-). HRMS-FAB (negative) m/z:
calculated for C12H15F2N5O9Na3P2S1: 573.9721; found: 573.966.
TLC (NH4OH:H2O:2-propanol 2:8:11), Rf = 0.5. Purity data
obtainedonan analytical column: retention time: 6.85min (100%
purity) using solvent system I with a gradient from 85:15 to 50:50
A:B over 15 min at a flow rate of 1 mL/min. Retention time:
5.17 min (99.94% purity) using solvent system II with a gradient
from 85:15 to 50:50 A:B over 18 min at a flow rate of 1 mL/min.

Characterization of 2-MeS-adenosine, 50,50 00-[P,P0-Difluoro-

methylene bisphosphonate], 38. 1H NMR (D2O; 300 MHz): δ
8.18 (s; H-8; 1H), 5.93 (d; J=5.40Hz;H-10; 1H), 4.78 (H-20 and
H-30 signals are hidden by the water signal), 4.43 (m; H-40; 1H),
4.19 (m; H-50, 1H), 4.15 (m; H-50 0; 1H), and 2.37 (s; CH3; 3H)
ppm. 31P NMR (D2O; 81 MHz): δ 4.48 (m; PR, Pβ) ppm. 19F
NMR (D2O 188 MHz): δ 119.16 (dd, J1 = 84.72 Hz, J2 =
80.95 Hz) ppm.MS-ESIm/z: 506 (M-). HRMS-FAB (negative)
m/z: calculated for C23H28F2N10O12Na3P2S2: 869.0460; found:
869.056. TLC (NH4OH:H2O:2-propanol 2:8:11), Rf = 0.5.
Purity data obtained on an analytical column: retention time:
6.85 min (100.0% purity) using solvent system I with a gradient
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from 85:15 to 50:50 A:B over 15 min at a flow rate of 1 mL/min.
Retention time: 5.17 min (99.94% purity) using solvent system
II with a gradient from 85:15 to 50:50 A:B over 18 min at a flow
rate of 1 mL/min.

Preparation and Characterization of 2-MeS-adenosine,
50,50 00-[P,P0-Dichloro-methylene bisphosphonate], 35. 20,30-O-Iso-
propylidene-50-O-tosyl-2-MeS-adenosine, analogue 14 (42 mg;
0.08mmol), was dissolved in dryDMF (0.2mL) in a flame-dried
two-neck flask under N2. A solution of tris(tetra-n-butylammo-
nium)dichloromethylenediphosphonate (0.16mmol; 2 equiv) in
dry DMF (0.3 mL) was added at RT, and the reaction was
stirred for 72 h. Neat TFA was added for 10 min under argon
bubbling and then evaporated under reduced pressure to yield a
yellow solid. The resulting residuewas separated on an activated
Sephadex DEAE-A25 column (0-0.3 M NH4HCO3; total
volume of 1.4 L). The relevant fractions were collected, freeze-
dried, and excess NH4HCO3 was removed by repeated freeze-
drying with deionized water to yield analogue 14 as a white
powder. The residue was separated using a HPLC system with a
semipreparative C-18 column and the following gradient
scheme (A) 100 mM TEAA:(B) MeOH with gradients of 85:15
to 75:25 over 10 min, 75:25 to 70:30 over 2 min, and 70:30 over
3min at a flow rate of 5mL/min. Retention time: 10.96min. The
relevant fractionswere collected, freeze-dried, and excess TEAA
was removed by repeated freeze-drying with deionized water to
yield analogue 14 as a white powder. Finally, the triethylammo-
nium ionswere exchanged forNaþ by passing the pure analogue
14 through a Sephadex-CM C-25 Naþ-form column. Analogue
14 was obtained at a 18% yield (9 mg) after HPLC separation.
Retention time on a semipreparative column: 14.75 min. 1H
NMR(D2O; 600MHz):δ 8.39 (s;H-8; 1H), 6.09 (d; J=4.80Hz;
H-10; 1H), 4.83 (m; H-20; 1H), 4.78 (H-30 signal is hidden by the
water signal), 4.61 (m; H-40; 1H), 4.38 (m; H-50; H-50 0; 2H), and
2.53 (s; CH3; 3H) ppm. 31P NMR (D2O; 243 MHz): δ 10.88 (d;
J=15.79Hz) and 8.70 (d; J=15.79Hz) ppm.MS-ESIm/z: 538
(M-). TLC (NH4OH:H2O:2-propanol 2:8:11), Rf = 0.26. Pur-
ity data obtained on an analytical column: retention time:
7.38 min (100% purity) using solvent system I with a gradient
from 85:15 to 50:50 A:B over 10 min at a flow rate of 1 mL/min.
Retention time: 4.38 min (99.9% purity) using solvent system II
with a gradient from 85:15 to 50:50 A:B over 10 min at a flow
rate of 1 mL/min.

Evaluation of the Stability of ADP, ATP, and Analogues 7-14

in Human Blood Serum. The assay mixture containing 40 mM
nucleotide derivative in deionized water (4.5 μL), human blood
serum (180 μL), and RPMI-1640 medium (540 μL) was incu-
bated at 37 �C for 0-24 h and samples were removed at 0.5-12 h
intervals. Each sample was then heated to 80 �C for 30 min,
treated with CMSephadex (1-2mg), stirred for 2 h, centrifuged
for 6 min (13000 rpm, 17000g), and extracted with chloroform
(2� 500 μL). The aqueous layer was freeze-dried. Each resulting
residue was applied to an activated starta X-AW weak anion
exchange cartridge and then freeze-dried. The residue was
purified using HPLC with a Gemini analytical column (5u,
C-18, 110A; 150 mm � 4.60 mm) and gradient elution with
solvent system II at 100:0 A:B over 10 min for analogue 5, 100:0
to 70:30 A:B over 3 min for analogue 6, 90:10 to 80:20 A:B over
10 min, and then 80:20 to 60:40 A:B over 5 min for analogue 7,
85:15 A:B over 10 min for analogue 8, 90:10 to 50:50 A:B over
18 min for analogue 9, 80:20 to 30:70 A:B over 10 min for
analogue 14, and 80:20 to 30:70A:B over 10min for analogue 13
or gradient elution with solvent system I at 90:10 to 60:40 A:B
over 12 min for analogues 10A and 10B, 90:10 A:B over 15 min
for analogues 11A and 11B, and 80:20 A:B over 15 min for
analogues 12A and 12B at a flow rate of 1 mL/min. The
hydrolysis rates for the nucleotide analogues in human blood
serum were determined by measuring the change in the integra-
tion of the respective HPLC peaks with time.

Evaluation of the Stability of Analogues 5-14 with Alkaline

Phosphatase. Enzyme activity was determined by the release of

p-nitrophenol from p-nitrophenyl phosphate measured with
a UV-vis spectrophotometer at 405 nm.68 Relative enzyme
activity and resistance of analogues 5-14 to enzymatic hydro-
lysis were determined at 37 �C using a solution of 0.2 mg of
analogue in 77.5 μL of deionized water, 0.1 M Tris-HCl (pH
9.8), and 0.1 M MgCl2 with calf intestine alkaline phosphatase
(Fermentas Inc., Glen Burnie,MD; 10 unit/μL; 1.25 μL; 12.5 u).
After 3 h, the reaction was stopped by incubation of the sample
at 80 �C for 15 min. Each sample was applied to an activated
starta X-AW weak anion exchange cartridge and then freeze-
dried. The residue was purified by HPLC with a Gemini
analytical column (5u C-18 110A; 150 mm � 4.60 mm) using
the gradient elution system described for the hydrolysis of
analogues in human blood serum at a flow rate of 1 mL/min
(see above). The hydrolysis rates for analogues 5-14 with
alkaline phosphatase were determined by measuring the change
in the integration of the respective HPLC peaks with time.

NTPDase1,2,3,8 (EC 3.6.1.5)Assays.Activity was measured,
as previously described,69 at 37 �C in 0.2 mL of Tris-Ringers
buffer: (in mM) 120 NaCl, 5 KCl, 2.5 CaCl2, 1.2 MgSO4, 25
NaHCO3, 5 glucose, 80 Tris, pH 7.4; (Sigma-Aldrich, Oakville,
ON, Canada). ecto-Nucleotidases were expressed by transiently
transfecting COS-7 cells in 10 cm plates using Lipofectamine
(Invitrogen), as previously described.69 For the preparation of
protein extracts, transfected cells were washed three times with
Tris-saline buffer at 4 �C, collected by scraping in harvesting
buffer (95 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and 45 mM Tris at pH 7.5), and washed twice by 300g
centrifugation for 10 min at 4 �C. Cells were resuspended in
harvesting buffer containing 10mg/mLaprotinin and sonicated.
Nuclei and cellular debris were discarded by centrifugation at
300g for 10 min at 4 �C, and the supernatant (crude protein
extract) was aliquoted and stored at -80 �C until used for
activity assays. Protein concentration was estimated by the
Bradford microplate assay using bovine serum albumin (BSA)
as a standard.70 NTPDase protein extracts were added to the
reaction mixture and then preincubated at 37 �C for 3 min.
The reaction was initiated by addition of ATP (Sigma-
Aldrich, Oakville, ON, Canada) or analogues 8-14 at a final
concentration of 100 μM, and the reaction was stopped after
20 min with 50 μL of malachite green reagent (Sigma-
Aldrich). The released inorganic phosphate (Pi) was measured
at 630 nm according to Baykov et al.71 The activity obtained
with protein extracts from untransfected cells was subtracted
from the activity obtained with extracts from NTPDase-
transfected cells. The activity of untransfected cell extracts
never exceeded 5% of the activity of extracts from NTPDase-
transfected cells.

NPP1,3 (EC 3.1.4.1; EC 3.6.1.9) Assays. Evaluation of the
activity of human NPP1 and NPP3 with ATP (Sigma-
Aldrich) and analogues 8-14 was performed, as previously
described,72 with some modifications. Reactions were carried
out at 37 �C in 0.2 mL of the following mixture: (in mM)
1 CaCl2, 140 NaCl, 5 KCl, and 50 Tris, pH 8.5 (Sigma-
Aldrich). Human NPP1 or NPP3 extract was added to the
reaction mixture and preincubated at 37 �C for 3 min. The
reaction was initiated by addition of ATP or analogues 8-14

at a final concentration of 100 μM. The reaction was stopped
after 20 min by transferring a 0.1 mL aliquot of the reaction
mixture to 0.125 mL of ice-cold 1 M perchloric acid (Fisher
Scientific, Ottawa, ON, Canada). The samples were centri-
fuged for 5 min at 13000g. Supernatants were neutralized with
1MKOH (Fisher Scientific) at 4 �C and centrifuged for 5 min
at 13000g. An aliquot of supernatant (20 μL)was separated by
reverse-phase HPLC to evaluate the degradation of ATP and
analogues 8-14 using a SUPELCOSIL LC-18-T column
(15 cm � 4.6 mm; 3 mm Supelco; Bellefonte, PA) with
a mobile phase composed of 25 mM TBA, 5 mM EDTA,
100 mM KH2PO4/K2HPO4, pH 7.0, and 2% methanol at a
flow rate of 1 mL/min.
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Evaluation of the Chemical Stability of Analogues 8-14. A
nucleotide analogue (1.5 mg) was dissolved in 0.2 M HCl/KCl
buffer (0.8 mL) and the final pHwas adjusted to 1.4 using 0.2M
HCl. Reactions continued at 37 �C for 1-31 days, with samples
taken at 1-24 h intervals. The stabilities of the analogues were
evaluated by HPLC to monitor degradation products using a
Gemini analytical column (5u C-18 110A; 150 mm � 4.60 mm)
and the gradient elution system described for the hydrolysis of
analogues in human blood serum at a flow rate of 1mL/min (see
above). The hydrolysis rates of analogues 8-14 at pH 1.4 and
37 �C were determined by measuring the change in the integra-
tion of the respective HPLC peaks with 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% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL
streptomycin, and 500 μg/mLGeneticin (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 suspensions from cells loaded with
fura-2, as previously described.73,74 Cells were treated with
the indicated nucleotide analogue at 37 �C in 10 mM Hepes-
buffered saline (pH 7.4) containing 1 mM CaCl2 and 1 mM
MgCl2, and the maximal increase in [Ca2þ]i was determined at
different analogue concentrations to calculate the EC50.
Concentration-response data were analyzed with the Prism
curve fitting program (GraphPADSoftware, SanDiego, CA).
Data were obtained from three experiments performed in
triplicate.

Animals.Twenty-fourmaleNewZealandwhite rabbits (2.5(
0.5 kg) were kept in individual cages with free access to food and
water on controlled 12 h/12 h light/dark cycles. All the protocols
used adhered to the ARVO Statement for the Use of Animals
in Ophthalmology and Vision Research and also were in
accordance with the European Communities Council Directive
(86/609/EEC).

IOPMeasurements. IOP was measured by means of a Tono-
VET rebound tonometer supplied by Tiolat Oy (Helsinki,
Finland). The application of this tonometer to animals does
not require the use of any anesthetic. For single dose experi-
ments, different analogues were applied unilaterally to the
cornea at a concentration of 100 μM and a fixed volume of
10 μL. The contralateral eye received the same volume of saline
solution (0.9% NaCl, vehicle). Two IOP measurements were
taken before any analogue was instilled. Experiments were
performed following a blinded design where no visible indica-
tion was given to the experimenter as to the nature of the
applied solution. IOP was followed up to 8 h to study the time
course of the effect. Some of the analogues were assayed over
a range of doses from 1 nM to 100 μM to generate dose-
response curves. For these experiments, IOP was measured as
the maximal response obtained with each dose of the analogue.
Dose-response curves were calculated by plotting the IOP
value for a given concentration versus that concentration
(from 1 nM to 100 μM). pD2 values were obtained by fitting
the values to a dose-response curve equation according to
ORIGIN 8.0 software. With the pD2 value, it was possible to
calculate the EC50 by multiplying by -1 and then taking the
antilogarithm. The obtained value is the EC50 expressed in
molar concentration. In all experiments, on any given day, only
a single dose was tested on a single animal, which was washed
out at least 2 days between doses. The commercial hypotensive
agents, Latanoprost (0.005%), dorzolamide hydrochloride
(2%), and timolol maleate (0.5%), were assayed by applying
a volume of 40 μL.

Statistical Analysis. All data are presented as the mean (
SEM. Significant differences were determined by two-tailed
Student’s t tests. The plotting and fitting of dose-response
curves was carried out with Microcal Origin v.7.0 software
(Microcal Software, USA).
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