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ABSTRACT: Dinucleoside polyphosphates, NpnN′, exert their physio-
logical effects via P2 receptors (P2Rs). NpnN′ are attractive drug
candidates as they offer better stability and specificity compared to
nucleotides, the most common P2R ligands. To further improve the
agonist properties of NpnN′, we synthesized novel isosters of dinucleoside
polyphosphates where N and N′ are A or U and where the Pα or Pβ
phosphate groups are replaced by boranophosphate, denoted as
Npn(α-B)N′ or Npn(β-B)N′ (n = 3, 4), respectively. The potency of
Npn(α/β-B)N′ analogues was evaluated at tP2Y1, hP2Y2, hP2Y4, and
rP2Y6 receptors. The most potent P2Y1R and P2Y6R agonists were the
Up4(β-B)A (A isomer, EC50 of 0.5 μM vs 0.004 μM for 2-SMe-ADP) and
Up3(α-B)U (B isomer, EC50 of 0.3 μM vs 0.2 μM for UDP), respectively.
The receptor subtype selectivity is controlled by the position of the
borano moiety on the NpnN′ polyphosphate chain and the type of the
nucleobase. In addition, Npn(α/β-B)N′ proved ∼22-fold more resistant to hydrolysis by e-NPP1, as compared to the
corresponding NpnN′ analogues. In summary, Up4(β-B)A and Up3(α-B)U are potent, stable, and highly selective P2Y1 and P2Y6
receptor agonists, respectively.

■ INTRODUCTION
Naturally occurring dinucleoside polyphosphates, denoted also
as dinucleotides and NpnN′ (N and N′ = A, G, U, C; n = 2−6;
analogue 1) (Figure 1),1−3 comprise two nucleosides linked

by a polyphosphate chain through phosphoester bonds at the
5′-position of the two ribose moieties. Dinucleotides control

various physiological functions.4 In recent years, interest in
dinucleoside polyphosphates as potent and stable purinergic
receptors agonists has been growing.5

The biological activities of these extracellular dinucleotides
include regulation of vascular tone, platelet aggregation, neuro-
transmission, glycogen breakdown, and renal Na+ excretion and
urine flow.6−8

Extracellular effects of dinucleotides involve activation of
nucleotide receptors, P2Rs, and possibly dinucleotide recep-
tors.9−12 The members of the P2 receptor superfamily are sub-
divided into ligand-gated ion channels (P2X receptors, P2XRs)
and G-protein-coupled receptor subtypes (P2Y receptors,
P2YRs). The principal physiological agonists of the P2Rs are
adenosine 5′-triphosphate (ATP), adenosine 5′-diphosphate (ADP),
uridine 5′-triphosphate (UTP), uridine 5′-diphosphate (UDP), and
UDP-glucose.13 In addition, several dinucleoside polyphosphates9

potently activate various P2YRs.14,15

P2YRs are attractive pharmaceutical targets because they
control many physiological functions.16,13 Currently, most P2YR
agonists proposed as drugs consist of a nucleotide scaffold,17,16

the stability of which is still unsatisfactory. One of the
approaches to overcome the inherent instability of nucleotide-
based drug candidates is the use of dinucleotides that are
metabolically more stable than the corresponding nucleotides.18

This approach is rather promising, and indeed several

Received: October 3, 2011
Published: November 22, 2011

Figure 1. Naturally occurring dinucleotides.
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dinucleotides have been tested in preclinical trials. For instance,
diadenosine tetraphosphate, Ap4A, diuridine tetraphosphate,
Up4U, and uridine deoxycytidine tetraphosphate, Up4dC are
effective at lowering blood pressure during anesthesia, and in
the treatment of dry eye disease, cystic fibrosis, and retinal
detachment.18−21 Up4U and Up4dC, known as diquafosol and
denufosol, respectively, are currently in phase III of clinical
development.16

Although several endogenous dinucleoside polyphosphates
have good pharmacological activities, their in vivo half-lives
are relatively short.14 Prolongation of the in vivo half-lives of
dinucleotides is a prerequisite to their use as potential drugs.
In addition, enhancement of affinities and enhancement of
selectivities of endogenous NpnN′ analogues for specific P2
receptor subtypes are other important challenges.
Previously, we demonstrated the improved pharmacological

properties of a series of dinucleoside poly(borano)phosphate
analogues, Npn(β/γ-B)N′, 2−5 (Figure 2) compared to the

parent compounds.22 We found that Ap3/5(β/γ-B)A analogues
were potent P2Y1R agonists. Specifically, Ap5(γ-B)A was
equipotent to 2-MeS-ADP, thus making it one of the most
potent P2Y1R agonists currently known. Moreover, Ap5(γ-B)A
did not activate the P2Y2R. In contrast, Up3/5(β/γ-B)U
analogues were extremely poor agonists at both P2Y1R and
P2Y2R. Npn(β/γ-B)N′ analogues exhibited remarkable chemical
stability under physiological conditions, including at a pH
mimicking gastric juice acidity. The rate of hydrolysis of
Ap3(β-B)A by human e-NPP1 and e-NPP3 was decreased by
40% and 59%, respectively, compared to Ap3A. However,
Ap5(γ-B)A was hydrolyzed by e-NPP1 at a rate comparable to
that of Ap5A. Apparently, the stabilizing effect of the borano
modification is pronounced only when in the vicinity of the
cleavage site.
Here, we leveraged the above findings on the beneficial

pharmacological properties of the boranophosphate bioisosters
for the design of stable, potent, and selective P2Y1 and P2Y6R
agonists. Specifically, we report on the synthesis and character-
ization of dinucleoside tetra- or tri(α/β-borano)phosphate
analogues, 6−13 (Figure 3), their resistance to hydrolysis by
e-NPP1, and their activity at P2Y1,2,4,6 receptors. In addition we
analyze the effect of the position of the boranophosphate
moiety, the composition of the nucleobase, and the length
of the polyphosphate linker on the pharmacological properties
of analogues 6−13. Our findings provide structure−activity
relationship (SAR) tools to further design potential drug candi-
dates targeting P2Y1 and P2Y6 receptors.

■ RESULTS

Design of Novel Dinucleoside Poly(borano)phosphate
Analogues. Recently we reported the synthesis and P2YR
activity of diadenosine and diuridine tri- and penta(β/γ-
borano)phosphate analogues 2−5.22 The most evident change
in receptor affinity was observed for the γ-borano modifica-
tion of Ap5A, which greatly increased agonist potency for the
rP2Y1-GFP receptor, compared to Ap5A. Ap5(γ-B)A (EC50 =
6.3 × 10−8 M), 4, was found to be slightly more potent at the
rP2Y1-GFP receptor than 2-MeS-ADP (EC50 = 1.0 × 10−7 M).22

We found that the hydrolytic stability of the Npn(β/γ-B)N′
analogues 2−5 at physiological or gastric pH is dependent
on the length of the polyphosphate chain. The dinucleoside
triphosphate analogues 2 and 3 were more stable than the
pentaphosphate analogues 4 and 5 regarding both chemical
and e-NPP1-dependent hydrolysis.
The potent P2Y1R agonist, analogue 4, is not a good drug

candidate, since it is hydrolyzed by e-NPP1 at a similar rate as
Ap5A. This susceptibility to hydrolysis is probably related to the
distance of the borano group from the enzymatic cleavage site
between Pα and Pβ.
On the basis of these findings and the enhanced stability of

an analogue when the borano modification is in the vicinity
of the e-NPP1 cleavage site (Pα-Pβ), we produced here a new
series of diadenosine and diuridine tri- and tetra(borano)-
phosphate analogues in which the borano modification is in
either the Pα or Pβ position, with a view toward developing
novel drug candidates targeting certain P2YRs.
Since Ap5(γ-B)A is a potent P2Y1R agonist, whereas

Ap3(β-B)A is moderately less potent (EC50 = 6.3 × 10−8 and
9.0 × 10−7 M, respectively), we synthesized Ap4(β-B)A,
analogue 6, to evaluate its potency at the P2Y1R. The high
potency of Up4U as a P2Y2R agonist (EC50 = 0.06 μM vs
0.015 μM for UTP, an endogenous P2Y2R agonist)14 led us to
synthesize Up4(β-B)U, analogue 7, whereas the use of Ap4U as a
vasoconstrictive factor23 prompted us to synthesize Ap4(β-B)U,
analogue 8, and Up4(β-B)A, analogue 9.

Synthesis of Dinucleoside Poly(β-borano)phosphate
Analogues 6−9. Previously, we synthesized dinucleoside
poly(borano)phosphate analogues using two nucleoside
phosphoroimidazolides24 as P-donors and an inorganic borano-
phosphate salt (BPi)25 as a P-acceptor. MgCl2 was added as
an activator to overcome the low nucleophilicity of BPi as a
P-acceptor.22

Figure 2. Previously synthesized dinucleoside poly(borano)phosphate
analogues.

Figure 3. Dinucleoside poly(borano)phosphate analogues synthesized
and investigated in this study.
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Here, we used the same synthetic method to prepare the
Np4(β-B)N′ analogues. Briefly, the synthesis of analogues
6−9 involved the activation of a nucleotide bis- and tris-
tributylammonium salt, compounds 14 and 15, respectively,
with CDI in dry DMF at room temperature for 3 h followed by
the addition of BPi and MgCl2 and stirring at room temp-
erature for ∼12 h (Scheme 1) to produce analogues 6−9 at up
to 40% yield after LC separation.
This synthesis involves a concerted reaction of three molecules

(two P-donors and one P-acceptor) (Figure 4). Np4(β-B)N′
(∼40% yield) (Figure 4), Np3N′ (∼ 25% yield) (Figure 5, path a),

and Np4N (∼10% yield) analogues were the sole products
formed. No Npn(B) products, Figure 5 path b, were formed under
these conditions.
The identity and purity of the products were established by

1H and 31P NMR, ESI or FAB mass spectrometry, and HPLC
in two solvent systems. 31P NMR spectra showed a typical Pβ

signal as a multiplet at about 80 ppm. 1H NMR spectra showed
borane hydrogen atoms as a very broad signal at about 0.3 ppm.
Because of the chiral center at Pβ, analogues 6−9 were each

obtained as a pair of two diastereoisomers. In both 1H and

Scheme 1a

aReaction conditions: (a) CDI (5 equiv), DMF, room temp 3 h; (b) dry MeOH (5 equiv), room temp 8 min; (c) BPi (1 equiv), DMF, MgCl2
(8 equiv), room temp overnight.

Figure 4. Proposed structure for nucleotide-BPi Mg2+ complexes
leading to products 6−9.

Figure 5. Proposed structure for nucleotide-BPi Mg2+ complexes
leading to possible byproducts.
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31P NMR spectra, there was a slight difference between the
chemical shifts for the two diastereoisomers.
These isomers were separated by reverse-phase HPLC, using

triethylammonium acetate/MeOH isocratic elution, with about
1 min difference in their retention times. The first eluting
isomer was designated as the A isomer, and the other was
designated as the B isomer. Surprisingly, the ratio between the
diastereoisomers was not always 1:1, as determined by the inte-
gration of the respective HPLC peaks. The area under the
curve (AUC) for each diastereoisomer was calculated as the
average of peak areas from three different HPLC chromato-
grams. A comparison of the AUC for the Np4(β-B)N′ diaste-
reoisomers showed that the formation of each analogue (6−9)
involves a different degree of diastereoselectivity. The diaste-
reoisomer ratio (A/B) was 0.65:0.35 for analogue 6, 0.51:0.49
for analogue 7, 0.52:0.48 for analogue 8, and 0.55:0.45 for
analogue 9.
Synthesis of Dinucleoside Poly(α-borano)phosphate

Analogues 10−13. The synthesis of Np4(α-B)N′ analogues
12 and 13 is based on the Eckstein procedure for the pre-
paration of triphosphates,26 which was applied by Jones et al.27

to the synthesis of dinucleoside tetra- and pentaphosphates.
Specifically, 5′-phosphitylation of 2′,3′-methoxymethylidene

nucleoside 14 with 2-chloro-4H-1,3,2-benzodioxaphosphorin-
4-one (salicylchlorophosphite) followed by reaction with
inorganic pyrophosphate yielded the cyclic derivative 16
(Scheme 2). Then, borane−dimethyl sulfide complex was
added to yield product 17, which was then treated with either
AMP or UMP bis-tributylammonium salt in dry DMF, and
MgCl2, to yield the partially protected dinucleotide. ZnCl2 was
found to be less effective than MgCl2, yet better than no
catalyst. Finally, removal of the 2′,3′-methoxymethylidene group
at pH 2.3 and then at pH 9 produced products 12 and 13 at
high yields (up to 85% after LC separation).
This method could not be applied to the synthesis of

dinucleoside triphosphates 10 and 11. These analogues were
synthesized via the activation of the 5′-phosphate of NMP 18 with
CDI, followed by coupling with the appropriate NDP(α-B)28

analogue to yield dinucleotide 10 or 11 (Scheme 3). In
preliminary experiments to synthesize analogues 10 and 11, we
first activated NDP(α-B) with CDI to generate the P-donor and
used NMP as the P-acceptor. In a second approach, CDI-activated
NMP was the P-donor, and NDP(α-B) was the P-acceptor. The
activation of NMP (18) and NDP(α-B) with CDI was monitored
by TLC, which showed that NMP completely reacted with CDI
after 3 h, whereas the activation of NDP(α-B) was incomplete

Scheme 2a

aReaction conditions: (a) DMF, pyridine, 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one (1.1 equiv), room temp 10 min; (b) bis(tri-n-
butylammonium)pyrophosphate (1.1 equiv), tri-n-butylamine (4 equiv), room temp 10 min; (c) BH3·SMe2, room temp 15 min; (d) NMP, MgCl2,
room temp 16 h; (e) pH 2.3, room temp 3 h; pH 9, room temp 40 min.

Scheme 3a

aReaction conditions: (a) CDI (5 equiv), DMF, room temp 3 h; (b) dry MeOH (5 equiv), room temp 8 min; (c) NDP(α-B), MgCl2 (8 equiv),
room temp overnight.
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over this time period, likely because of the lower nucleophilicity
of the phosphate in this analogue. Therefore, our subsequent
syntheses of analogues 10 and 11 utilized the activation of
NMP(Bu3NH)

+
2 salt with CDI in dry DMF at room temperature

for 3 h, followed by the addition of nonactivated NDP(α-B)-
(Bu3NH)

+
2 salt, in the presence of MgCl2 at room temperature

for 12 h. Analogue 10 or 11 was formed as the exclusive product
at up to 85% after LC separation.
Analogues 10−13 were characterized by 31P NMR spectro-

metry and high resolution mass spectrometry. Because of the
chiral center at Pα, analogues 10−13 were each obtained as a
pair of diastereoisomers (A and B isomers). Unlike analogues
6−9, the ratio between the diastereoisomers for analogues
10−13 was 1:1. Mg2+ ion serves as a catalyst, and reactions
carried out without Mg2+ resulted in yields of <10%.
Activity of Analogues 6−13 at P2Y1/2/4/6-Rs. To study

the activity of dinucleotides 6−13 at the P2Y1/2/4/6Rs, we
evaluated the magnitude of increase in [Ca2+]i induced by these
analogues. These studies were performed in human 1321N1
astrocytoma cells that are devoid of endogenous P2Y receptors
but were stably transfected with turkey (t) P2Y1, human (h)
P2Y2, human (h) P2Y4, or rat (r) P2Y6 receptors. Concen-
tration−response curves were derived for each dinucleotide and
compared with data of agonist for these receptor subtypes
(i.e., 2-MeS-ADP for tP2Y1R, UTP for hP2Y2/4Rs, and UDP for
rP2Y6R). The results are summarized in Table 1. In control

experiments we found that untransfected 1321N1 astrocytoma
cells did not respond to any of the analogues or endogenous
agonists (data not shown).
Analogues 6−13 had no or weak activity at P2Y2 and P2Y4

receptors, whereas these compounds were relatively selective
for either P2Y1 or P2Y6 receptor.
Adenosine containing dinucleotides 6, 10, and 12 were found

to be P2Y1-R selective agonists, with EC50 values from 0.5 to

4.3 μM. Uridine containing dinucleotides 7, 11, and 13 were
found to be selective P2Y6R agonists, with EC50 values from
0.3 to 3.9 μM. As for the mixed adenosine−uridine compounds,
analogue 9 is a selective P2Y1R agonist (EC50 values of 0.5 and
0.81 μM for A and B isomers, respectively), whereas analogue 8
is a selective P2Y6R agonist (EC50 values of 1.29 and 1.92 μM
for A and B isomers, respectively).
Analogue 9A is the most potent P2Y1R agonist found here

with an EC50 = 0.5 μM, compared to 0.004 μM for 2-MeS-
ADP, which is the most potent P2Y1R agonist currently known.
Analogue 11B is the most potent P2Y6-R agonist with an EC50 =
0.3 μM, equipotent to UDP (EC50 = 0.2 μM).
None of the analogues antagonized the effect of equimolar

concentrations of 2-MeS-ADP on P2Y1R activation, UTP on
P2Y2/4R activation, or UDP on P2Y6R activation in 1321N1 cell
transfectants (data not shown).

Hydrolysis of Npn(B)N Analogues by Human NPP1. Dinu-
cleoside polyphosphates are substrates of certain members of
the ectonucleotide pyrophosphatase/phosphodiesterase
(e-NPP) family, namely, e-NPP1, e-NPP2, and e-NPP3.29

These enzymes cleave ApnAs asymmetrically to generate AMP
and Apn−1. The degradation products could activate P2R
subtypes other than the parent compound. Hence, more stable
dinucleotides are desirable, since they result in less degradation
products and may serve as drugs with limited side effects. We
therefore investigated if analogues 6−13 resist hydrolysis by
human e-NPP1.
Since members of the e-NPP family have an alkaline pH

optimum, e-NPP1 activity was measured at pH 8.5. Hydrolysis
of parent dinucleotides and analogues 6−13 by human e-NPP1
was determined after 20 min at 37 °C. The reaction was started
by the addition of a dinucleotide analogue and terminated after
20 min by addition of perchloric acid. Dinucleotides and the
nucleotides degradation products were separated and quantified
by HPLC. The concentrations of reactants and products were
determined from the relative areas for their absorbance maxima
peaks.
The acid used to terminate the enzymatic reaction can cause

partial degradation of the dinucleotide and nucleotide analogues.
Therefore, the percentage of degradation for each analogue was
assessed in the absence of enzyme, and this value was subtracted
from the percentage of analogue degradation in the presence of
enzyme.
Human e-NPP1 hydrolyzed Np4(β-B)N′ analogues 6 and 7 to

NMP and either NTP(γ-B) (Scheme 4, path a) or NTP(β-B)
(Scheme 4, path b). The time-dependent increase in NMP was
monitored by HPLC. The identity of the degradation products
was determined by comparing their retention times to those of
controls. Good precision was obtained for determinations of
NMP concentration, since the peaks of Npn(B)N′ analogues
have longer retention times than NMP.
The NTP(β-B) degradation product was easily identified,

since it appeared as two peaks of the same height in the reverse-
phase HPLC chromatogram, corresponding to the two
diastereoisomers of this chiral compound. The HPLC chromato-
gram indicated that most of the degradation product was
NTP(β-B) rather than NTP(γ-B) (the NTP(β-B)/NTP(γ-B)
ratio was ∼95:5), thus making path b of Scheme 4 the major
hydrolytic pathway. We concluded that e-NPP1 cleaves
dinucleotides 6/7 preferentially away from the boranophosphate
moiety.
Np4(β-B)N′ analogues 8 and 9 can be hydrolyzed by e-NPP1

to yield both NMP (Scheme 5, path a) and N′MP (Scheme 5,

Table 1. EC50 Values for [Ca
2+]i Elevation Induced by

Analogues 6−13 at tP2Y1, hP2Y2, hP2Y4, and rP2Y6
Receptorsa

EC50 (μM)

P2Y1 P2Y2 P2Y4 P2Y6

6A 3.0 ± 1.7 Nr Nr Sr
6B 4.3 ± 1.1 Nr Nr Sr
7A Sr Sr Nr 1.93 ± 1.11
7B Sr Nr Nr 0.98 ± 0.52
8A Sr Nr Nr 1.29 ± 0.65
8B 6.9 64.2 Nr 1.92 ± 1.2
9A 0.5 ± 0.13 Sr Nr 20.9 ± 4.9
9B 0.81 ± 0.55 Nr Nr 11.7 ± 2.9
10A 0.76 Nr Nr Nr
10B 0.8 Nr Nr Nr
11A 4.4 ± 0.93 Nr Nr 0.72 ± 0.54
11B Sr Nr Nr 0.3 ± 0.08
12A 1.48 25.9 Nr Nr
12B 6.9 64.2 Nr Nr
13A Nr Sr 9.4 ± 3.8 36.1 ± 3.3
13B Sr 24.6 ± 6.5 16.8 ± 4.3 3.9 ± 1.9
2-SMe-ADP 0.004 ± 0.002
UTP 0.64 ± 0.25 0.48 ± 0.31
UDP 0.2 ± 0.06
aSr = slight response at 100 μM. Nr = no response.
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path b), with N′ being the nucleotide base further from the
borane moiety. HPLC analysis of the samples showed that the
main hydrolysis product was N′MP (N′MP/NMP was ∼94:6).
Thus, path b of Scheme 5 is the main hydrolytic pathway.
HPLC analysis of the hydroloysis of analogues 8 and 9 in the
absence of enzyme showed that most of the NMP generated is
due to the acidic medium. Thus, under acidic conditions, path a
(Scheme 5) is the main chemical hydrolytic pathway.
Npn(α-B)N analogues 10−13 can be hydrolyzed by e-NPP1

to either NMP (Scheme 6, path b) or NMP(α-B) (Scheme 6,
path a). HPLC and MS analysis of these samples showed that
the major enzymatic cleavage product was NMP. Most of the
NMP(α-B) was attributed to acid-induced hydrolysis. Thus,
most of the enzymatic degradation of analogues 10−13 is via
path b, and most of the acid-induced degradation is via path a.
The above data clearly demonstrate the protective effect of

the boranophosphate group against e-NPP1-dependent hydro-
lysis of dinucleotides, in either Pα or Pβ position.

■ DISCUSSION

Np4(β-B)N′ Analogues, 6−9, Are Obtained via a Metal-
Preorganized Concerted Three-Component Reaction. Dinu-
cleoside poly(borano)phosphate products 6−9 are probably
formed as a result of a preorganization of a P-acceptor (BPi)
and two P-donors (nucleoside phosphoroimidazolides) coor-
dinated with one Mg2+ ion (Figure 4). Although we expected to
obtain the Np4(β-B)N′ analogues as exclusive products, Np3N′
(Figure 5, path a) and Np4N byproducts were also isolated.
The formation of Np3N′ byproduct is driven by NDP remain-
ing in the reaction mixture due to incomplete reaction with
CDI (and not by NMP, as determined by TLC which indicated
that over the same time period NMP reacted completely with
CDI, whereas NDP did not). Thus, the activated form, NMP-
Im, becomes a P-donor, whereas NDP, instead of the less
nucleophilic BPi, functions as a P-acceptor. Furthermore, since
a phosphate moiety is a better nucleophile than BPi, the Np3N′
byproduct is obtained and not NTP(γ-B) (Figure 5, path b).

Scheme 4. Possible Hydrolytic Pathways of Dinucleoside Poly(borano)phosphate Analogues 6 and 7 by hNPP1

Scheme 5. Possible Hydrolytic Pathways of Dinucleoside Poly(borano)phosphate Analogues 8 and 9 by hNPP1

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm2013198 | J. Med. Chem. 2012, 55, 437−448442



Since NDP was not completely activated by CDI, nonactivated
form and the activated form, NDP-Im, reacted to yield the
Np4N byproduct.
The concerted three-component reaction giving rise to

analogues 6−9 proved to be diastereoselective in certain cases.
Thus, the diastereoisomers ratio (A/B) for Ap4(β-B)A was
65:35 rather than 50:50. Likewise, the ratio for Up4(β-B)A was
55:45. However, the ratio for Up4(β-B)U and Ap4(β-B)U was
almost 50:50. It appears that the origin of diastereoselec-
tivity is the nucleobase of the NDP-Im component. When the
nucleobase is A rather than U, there is steric hindrance between
the borano group and the adenine in the transition state
(Figure 6), resulting in the formation of less B-isomer vs
A-isomer. Apparently, U does not induce significant steric
hindrance, and therefore, analogues 7 and 8 are produced in
∼50:50 ratio.
Analogues 6−13 Are Highly Resistant to Hydrolysis

by Human e-NPP1. Dinucleoside polyphosphates have
considerably longer half-lives in vivo than nucleotides (i.e.,
NTP, NDP, and NMP), which are rapidly metabolized by
members of various enzyme families, including nucleoside
triphosphate diphosphohydrolase (NTPDases), ectonucleotide
pyrophosphatase/phosphodiesterase (e-NPPs), and alkaline

phosphatases.30 Naturally occurring dinucleoside polyphos-
phates are substrates for only a few e-NPPs.29

Therefore, here, dinucleoside poly(borano)phosphate de-
rivatives 6−13 were tested for their resistance to hydrolysis
by human e-NPP1, compared to the corresponding naturally
occurring dinucleotides (Figure 7), to evaluate the effect of the

Scheme 6. Possible Hydrolytic Pathways of Dinucleoside Poly(borano)phosphate Analogues 12 and 13 by hNPP1

Figure 6. Steric hindrance is the origin of the diastereoselectivity of the reaction leading to products 7A and 7B.

Figure 7. Hydrolysis of dinucleotide poly(borano)phosphate ana-
logues 6−13 by human NPP1. The data represent the percentage of
the compound being hydrolyzed over a 20 min period.
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borane moiety on the stability of dinucleotides. Naturally
occurring dinucleotides (i.e., Up3U, Ap3A, Ap4A, Up4U, and
Ap4U) were 17−22% hydrolyzed by human e-NPP1 over
20 min at 37 °C. The identity of the nucleobase (A or U) did
not affect stability to enzymatic hydrolysis, since the rate of the
hydrolysis was the same for both diadenosine and diuridine
analogues with the same length of polyphosphate chain. For
example, Ap3A and Up3U were 22% and 21% hydrolyzed over
20 min by e-NPP1, respectively. E-NPP1-dependent hydro-
lysis is not significantly affected by the length of the NpnN′
polyphosphate chain for either naturally occurring or synthetic
analogues. Thus, dinucleoside tri- and tetraphosphates were
hydrolyzed at similar rates (18% and 21% hydrolysis over
20 min for Up4U and Up3U, respectively), although dinucleo-
side triphosphate analogues were found to be slightly less stable,
consistent with a previous report.29

Substitution of the nonbridging oxygen atom on either Pα or
Pβ with a BH3

− group inhibits the hydrolysis of analogues 6−13
by e-NPP1 (Figure 7). All of the borane containing compounds
were hydrolyzed by e-NPP1 at a significantly slower rate over
20 min at 37 °C than the corresponding naturally occurring
dinucleotides. The presence of BH3

− near the cleavage site (i.e.,
at Pα or Pβ) confers stability to the dinucleoside polyphosphates
regarding enzymatic hydrolysis by e-NPP1 compared to a BH3
group at Pγ.

22

Within the group of borane containing dinucleotides 6−13,
there is a difference in their resistance to hydrolysis by e-NPP1,
resulting from a difference in the position of the borane on the
polyphosphate chain, i.e., α or β position.
The hydrolysis of dinucleotides is known to be asymmetric

and to involve the α,β-pyrophosphate bond.31 We found that
when borane is in the β-position, both diastereoisomers exhibit
similar hydrolysis rates. Yet, when the borane moiety is in the
α-position, there is a considerable difference between the
hydrolysis rates of the diastereoisomers, with the A-isomer being
more stable. Thus, the nucleophilic attack by the −OH group in
water occurs at Pα, rather than Pβ.
Analogues in which the borane moiety is in the β-position

relative to adenosine are slightly more stable than those in
which the borane moiety is in the β-position to uridine (1.5% vs
3% hydrolysis over 20 min). The most stable analogues with
respect to hydrolysis by e-NPP1 are the A-isomers of Ap3(α-B)A,
analogue 10, and of Up3(α-B)U, analogue 11, which are
completely resistant to hydrolysis by e-NPP1, in contrast to
Np4(α-B)N′ (A-isomers), which are ∼3% hydrolyzed over 20 min
by e-NPP1.
Each dinucleotide has two possible cleavage sites for

e-NPP1 in the polyphosphate chain that differ in their prox-
imity to the borane moiety. Analysis of the degradation
products showed that the dinucleotides 6−13 were almost
exclusively cleaved by e-NPP1 at the site furthest from the
borane moiety (Schemes 4−6), probably because the P-BH3
phosphodiester bond is less recognized by the enzyme as a
substrate. On the other hand, analysis of the control (acid-
induced degradation of analogues 6−13 in the absence of
enzyme) showed that acid-induced hydrolysis (used to stop
the enzyme activity) occurred preferentially near the borane
moiety. This is likely due to a reduction in electron density of
the P-BH3 coordinate bond, compared to phosphate, making
the P-BH3 more susceptible to nucleophilic attack by a water
molecule.
Analogues 6−13 Are Selective P2YR Agonists. The

activity of dinucleoside polyphosphates NpnN′ at various

purinergic receptors was previously reported.9−11 Adenosine
containing dinucleotides have at least minimal activity at
P2Y1R, while uridine containing dinucleotides have at least
minimal activity at P2Y2R and P2Y6R. The length of the
polyphosphate chain determines P2Y subtype specificity, i.e.,
nucleoside diphosphates have similar specificity to dinucleoside
triphosphates, and nucleoside triphosphates are similar to
dinucleoside tetraphosphates.14

In the case of dinucleoside poly(borano)phosphates, the
presence and position of the borane group in the poly-
phosphate chain (i.e., Pα, Pβ, or Pγ) also affects P2YR specificity.
Although Up4U is a highly potent P2Y2R agonist,14,15 neither
Up4(α-B)U nor Up4(β-B)U is an agonist of the P2Y2R subtype
(Table 1), implying that the Pα and Pβ oxygen atoms of Up4U
are involved in molecular recognition by the P2Y2R. Another
interesting finding for the mixed dinucleotides, Ap4(β-B)U and
Up4(β-B)A, is that when the borane is closer to the uridine, the
analogue is 42-fold more selective for the P2Y1R than the P2Y6R
(and inactive at the P2Y2/4Rs). When the borane is closer to the
adenosine, the compound is a selective P2Y6R agonist with no
activity at P2Y1/2/4Rs. These results led us to define the borane
moiety as a “boundary marker”, dividing the molecule into two
parts. Thus, in Up4(β-B)A, analogue 9, the boundary marker,
divides the molecule into UDP-β-B and ADP. Since ADP is the
naturally occurring P2Y1R agonist, Up4(β-B)A acts as a better
agonist for the P2Y1R than the P2Y6R. For Ap4(β-B)U, analogue
8, the boundary marker divides the molecule into ADP-β-B
and UDP, which is the naturally occurring P2Y6R agonist, and
therefore, Ap4(β-B)U is a P2Y6R agonist and inactive at the
P2Y1R.
Previously, we observed similar agonist potencies for ATP,

ATP-α-B, and Ap3(β-B)A at the P2Y1R, which suggests that
these molecules share the same P2Y1R binding site (and
binding mode).22 Ap3(β-B)A may occupy the same binding site
as ATP if the extra adenosine moiety is oriented parallel to the
receptor’s α-helical domain away from the agonist binding site.
Similarly for the Npn(α/β-B)N′ analogues, the borane moiety
might define the boundary between the part of the dinucleotide
that binds to the receptor and the part that is oriented outside
the agonist binding binding domain.
When the borane moiety is situated at either Pα or Pβ, each

analogue is obtained as two diastereoisomers. At the P2Y1R, the
A-isomer is equipotent or slightly more active (up to 4-fold)
than the B-isomer. At the P2Y6R, the B-isomer is more potent
than the A-isomer (up to 9-fold). These data indicate that the
P2Y1 and P2Y6 receptor subtypes have opposite diastereose-
lectivity. Our previous study on the diastereoselectivity of the
P2Y1R showed that for ATP-α-B analogues, A and B isomers
possess the Rp and Sp configuration, respectively. The absolute
configuration of the two diastereoisomers was determined
based on their NMR spectra.22,32 Applying the same con-
siderations to the P2Y1R selective dinucleotides described here
resulted in similar conclusions regarding the absolute
configuration of the diastereoisomers (i.e., A-isomer is the Rp
isomer). Assuming the same elution order of diastereoisomers
from the HPLC column, if P2Y1 is a Pα-Rp isomer preferring
receptor, then P2Y6 is a Pα-Sp preferring receptor.

■ CONCLUSION
Np3/4(α-B)N′ and Np4(β-B)N′ (N and N′ = A, U) derivatives
are selective P2Y1 or P2Y6 receptor agonists, having no activity
at the P2Y2 and P2Y4 receptors. The potency and receptor
subtype selectivity can be controlled by the position of the
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borane moiety in the polyphosphate chain. This is most evident
in dinucleotides Ap4(β-B)U and Up4(β-B)A, in which the
difference in the position of the borane moiety renders the
analogue either a selective P2Y1R or P2Y6R agonist, respectively.
Furthermore, a boranophosphate bioisoster at either Pα or Pβ
significantly improves metabolic stability with respect to
hydrolysis by human e-NPP1. Resistance to e-NPP1-dependent
hydrolysis increased up to >20-fold compared to the same
compound lacking the borane moiety. Analogues with borane at
Pα were more enzymatically stable than analogues with borane
at Pβ. When the borane is at Pα, the A isomer is more stable than
the B isomer, indicating that e-NPP1-dependent hydrolysis
occurs at Pα, whereas when the borane is at Pβ, there is no
difference in the rates of hydrolysis for the A and B isomers. The
most potent agonists are the P2Y1R-selective A and B isomers of
Ap3(α-B)A, analogues 10A/B, and the P2Y6R-selective B isomer
of Up3(α-B)U, analogue 11B. Since these analogues are also
resistant to e-NPP1-dependent hydrolysis, we propose them as
promising scaffolds for the design of future drug candidates
targeting P2Y1 and P2Y6 receptors. Improved drug candidates
will be reported in due course.

■ EXPERIMENTAL SECTION
General. All commercial reagents were used without further

purification unless otherwise noted. All reactants in moisture-sensitive
reactions were dried overnight in a vacuum oven. All air- and moisture-
sensitive reactions were carried out in flame-dried, argon-flushed, two-
neck flasks sealed with rubber septa, and the reagents were introduced
with a syringe. Progress of reactions was monitored by TLC on
precoated Merck silica gel plates (60F-254). Visualization of reactants
and products was accomplished with UV light. Nucleotides and
dinucleoside polyphosphates were characterized by 1H NMR
spectrometry at 200 or 300 MHz or by 31P NMR spectrometry in D2O,
using 85% H3PO4 as an external reference on a Bruker AC-200 or
DPX-300 spectrometer. In certain cases some of the signals of ribose
protons were hidden by the very large HOD signal. High resolution
mass spectra of nucleotides and dinucleoside polyphosphates were
recorded on an AutoSpec-E FISION VG mass spectrometer using ESI
(electron spray ionization) on a Q-TOF microinstrument (Waters,
U.K.). Primary purification of the dinucleoside polyphosphates was
achieved on an LC (Isco UA-6) system using a column of Sephadex
DEAE-A25 swollen in 1 M NaHCO3 at 4 °C for 1 day. The resin was
washed with deionized water before use. The LC separation was
monitored by UV detection at 280 nm. Final purification of the
dinucleoside polyphosphates and separation of the diastereomeric pairs
were achieved by HPLC (Elite Lachrom, Merck-Hitachi) using a
semipreperative reverse-phase column. (Gemini 5 μm C18 110A, 250
mm × 10 mm 5 μm, Phenomenex, Torrance, CA, U.S.). The purity of
the dinucleoside polyphosphates was evaluated by analytical reverse-
phase column chromatoghraphy (Gemini 5 μm C18 110A, 150 mm ×
4.60 mm, 5 μm Phenomenex, Torrance, CA, U.S.) with two solvent
systems. Solvent system I consisted of (A) MeOH and (B) 100 mM
triethylammonium acetate (TEAA), pH 7. Solvent system II consisted
of (A) 0.01 M KH2PO4, pH 4.5, and (B) MeOH. The details of the
eluent gradients used for the separation of each product are given
below. In addition, novel dinucleotides were characterized by HRMS-
FAB (negative). NpnN analogues were prepared according to literature
procedures.14 The purity of the dinucleotides was ≥95%. pH
measurments were performed with an Orion microcombination pH
electrode and a Hanna Instruments pH meter.
2′,3′-O-Methoxymethylideneadenosine was prepared as previously

described.33 AMP(Bu3NH+)2 and UMP(Bu3NH+)2 salts were
prepared from the corresponding nucleotide free acids and Bu3N
(2 equiv) in EtOH. ADP(Bu3NH+)2 and UDP(Bu3NH+)2 were
prepared from the corresponding disodium salts. The latter salts were
passed through a column of activated Dowex 50WX-8 200 mesh, H+

form. The column eluate was collected in an ice-cooled flask

containing Bu3N (2 equiv) and EtOH. The resulting solution was
freeze-dried to yield ADP(Bu3NH

+)2 or UDP(Bu3NH
+)2 as a white

solid.
NDP(α-B)(Bu3NH

+)2 salt was prepared from the corresponding
bisammonium salt. The latter salt was passed through a column
of Sephadex Na+-form washed with tetrabutylammonium bromide
(4 equiv) and then with deionized water (10 mL). The column eluate
was freeze-dried to yield NDP(α-B) (Bu3NH

+)2 as a white solid.
Reverse-Phase HPLC Purification and Diastereoisomers

Separation. The dinucleotide purification and diasteromers separa-
tion were achieved with a semipreparative reverse-phase Elite Lachrom
250-10 column and isocratic elution (MeOH [A]/100 mM tri-
ethylammonium acetate (TEAA), pH 7 [B]) at a flow rate of 5 mL/
min. Fractions containing the same compound (similar retention time)
were freeze-dried. The excess buffer was removed by repeated freeze-
drying cycles until a constant weight was attained, with the solid
residue dissolved each time in deionized water. The triethylammonium
counterions were exchanged for Na+ by passing the pure dinucleoside
poly(borano)phosphate isomer through a Sephadex-CM C-25 (Na+

form) column.
Typical Procedure for the Preparation of Dinucleoside P-β-

Tetraboranophosphates (Analogues 6−9). NMP (Bu3NH
+)2

(0.22 mmol) and NDP(Bu3NH
+)2 (0.22 mmol) were dissolved in

dry DMF (3 mL), followed by addition of CDI (349 mg, 2.15 mmol).
The resulting solution was stirred at room temperature for 4 h. Dry
MeOH (87 μL, 2.15 mmol) was added. After 8 min BPi(Bu3NH

+)2
(100 mg, 0.22 mmol) and MgCl2 (4 equiv) in dry DMF (3 mL) were
added. The resulting solution was stirred at room temperature
overnight. The semisolid obtained after evaporation of the solvent was
chromatographed on a Sepadex DEAE-A25 column by applying a
buffer gradient of water (500 mL) to 0.5 M NH4HCO3 (500 mL). The
relevant fractions were pooled and freeze-dried to yield a white solid.
Product 6 was obtained at 40% yield (80.8 mg). Product 7 was
obtained at 38% yield (75.5 mg). Product 8 was obtained at 35% yield
(68.9 mg). Product 9 was obtained at 37% yield (72.8 mg).

Synthesis and Separation of P2-Borano-P1,P4-di(5′-
adenosine)tetraphosphate (Analogues 6A and 6B). Analogue
6 was synthesized from AMP(Bu3NH

+)2 and ADP(Bu3NH
+)2. The

separation of diastereoisomers 6A and 6B was accomplished using
a semipreparative reverse-phase column and solvent system I, by
isocratic elution with 4:96 A/B at a flow rate of 5 mL/min.

P2-Borano-P1,P4-di(5′-adenosine)tetraphosphate (Analogue
6A). tR = 22.06 min. 31P NMR (D2O, 81 MHz, pH 7): δ 75 (m, Pβ,
1P), −10.5 (d, Pα, 2P), −22.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O, 200
MHz): δ 8.6 (s, H-8, 1H), 8.3 (s, H-2, 1H), 6.2 (d, H-1′, 1H), 4.5 (m,
H-3′, 1H), 4.3 (m, H-4′, 2H), 0−0.97 (m, BH3, 3H) ppm. HR MALDI
(negative): calculated for C20H30BN10O18P4 833.214, found 833.221.
Purity data obtained on an analytical column: retention time of
3.76 min (98% purity), using solvent system I and elution with 7:93
A/B at a flow rate of 1 mL/min. Retention time of 1.76 min (97%
purity), using solvent system II and elution with 5:95 A/B at a flow
rate of 1 mL/min.

P2-Borano-P1,P4-di(5′-adenosine)tetraphosphate (Analogue
6B). tR = 24.03 min. 31P NMR (D2O, 81 MHz, pH 7): δ 76.0 (m, Pβ,
1P), −11 (d, Pα, 2P), −22.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O, 200
MHz): δ 8.5 (s, H-8, 1H), 8.2 (s, H-2, 1H), 6.1 (d, H-1′, 1H), 4.4 (m,
H-3′, 1H), 4.3 (m, H-4′, 2H), 0−0.97 (m, BH3, 3H) ppm. Purity data
obtained on an analytical column: retention time of 4.49 min (99%
purity), using solvent system I and elution with 7:93 A/B at a flow rate
of 1 mL/min. Retention time of 2.46 min (98.5% purity), using solvent
system II and elution with 5:95 A/B at a flow rate of 1 mL/min.

Synthesis and Separation of P2-Borano-P1,P4-di(5′-uridine)-
tetraphosphate (Analogues 7A and 7B). Analogue 7 was
synthesized from UMP (Bu3NH

+)2 and UDP(Bu3NH
+)2. The separa-

tion of diastereoisomers 7A and 7B was accomplished using a semi-
preparative reverse-phase column and solvent system I, by isocratic
elution with 6:94 A/B at a flow rate of 5 mL/min.

P2-Borano-P1,P4-di(5′-uridine)tetraphosphate (Analogue
7A). tR = 11.06 min. 31P NMR (D2O, 81 MHz, pH 7): δ 77.0 (m,
Pβ, 1P), −10.97 (d, Pα, 2P), −23.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O,
300 MHz): δ 7.98 (d, J = 8.1 Hz H-5, 1H), 5.99 (d, J = 5.1 Hz, H-1′,
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1H), 5.97 (d, J = 8.1 Hz, H-6, 1H), 4.44 (m, H-4′, 1H), 4.27 (m, H-5′,
2H), 0.94−0.99 (m, BH3, 3H) ppm. HR MALDI (negative):
calculated for C18H28BN4O22P4 787.134, found 787.141. Purity data
obtained on an analytical column: retention time of 3.5 min (98%
purity), using solvent system I and elution with 7:93 A/B at a flow rate
of 1 mL/min. Retention time of 2.5 min (97.8% purity), using solvent
II system and elution with 4:96 A/B at a flow rate of 1 mL/min.
P2-Borano-P1,P4-di(5′-uridine)tetraphosphate (Analogue

7B). tR = 12.73 min. 31P NMR (D2O, 81 MHz, pH 7): δ 77.0 (m,
Pβ, 1P), −10.81 (d, Pα, 2P), −23.0 (dd, Pβ, 1P) ppm. 1H NMR (D2O,
300 MHz): δ 7.97 (d, J = 8.1 Hz, H-5, 1H), 5.99 (d, J = 5.2 Hz, H-1′,
1H), 5.98 (d, J = 8.1 Hz, H-6, 1H), 4.43 (m, H-4′, 1H), 4.26 (m, H-5′,
2H), 0.94−0.99 (m, BH3, 3H) ppm. Purity data obtained on an
analytical column: retention time of 3.76 min (98% purity), using
solvent system I and elution with 7:93 A/B at a flow rate of 1 mL/min.
Retention time of 2.69 min (97.5% purity), using solvent system II and
elution with 4:96 A/B at a flow rate of 1 mL/min.
Synthesis and Separation of P3-Borano-P1,P4-5′-uridine-5′-

adenosinetetraphosphate (Analogues 8A and 8B). Analogue 8
was synthesized from AMP (Bu3NH

+)2 and UDP (Bu3NH
+)2. The

separation of diastereoisomers 8A and 8B was accomplished using a
semipreparative reverse-phase column and using solvent system I, by
isocratic elution with 8:92 A/B at a flow rate of 5 mL/min.
P3-Borano-P1,P4-5′-uridine-5′-adenosinetetraphosphate

(Analogue 8A). tR = 21.47 min. 31P NMR (D2O, 81 MHz, pH 7): δ
77.7 (m, Pβ, 1P), −10.65 (d, Pα, 2P), −21.78 (dd, Pβ, 1P) ppm. 1H
NMR (D2O, 300 MHz): δ 8.56 (s, H-8, 1H), 8.26 (s, H-2, 1H), 7.87
(d, J = 8.2 Hz, H-5, 1H), 6.14 (d, H-1′, 1H), 5.95 (d, J = 5.1 Hz, H-1′,
1H), 5.89 (d, J = 8.2 Hz, H-6, 1H), 4.60 (m, H-3′, 1H), 4.38 (m, H-4′,
2H), 4.28 (m, H-5′, 2H), 0−0.97 (m, BH3, 3H) ppm. HR MALDI
(negative): calculated for C19H29BN7O20P4 810.173, found 810.180.
Purity data obtained on an analytical column: retention time of 2.40
min (96% purity), using solvent system I and elution with 7:93 A/B at
a flow rate of 1 mL/min. Retention time of 1.60 min (95.8% purity),
using solvent system II and elution with 5:95 A/B at a flow rate of
1 mL/min.
P3-Borano-P1,P4-5′-uridine-5′-adenosinetetraphosphate

(Analogue 8B). tR = 24.55 min. 31P NMR (D2O, 81 MHz, pH 7): δ
78.5 (m, Pβ, 1P), −10.55 (d, Pα, 2P), −21.30 (dd, Pβ, 1P) ppm. 1H
NMR (D2O, 300 MHz): δ 8.57 (s, H-8, 1H), 8.25 (s, H-2, 1H), 7.86
(d, J = 8.2 Hz, H-5, 1H), 6.14 (d, H-1′, 1H), 5.93 (d, J = 5.1 Hz, H-1′,
1H), 5.89 (d, J = 8.2 Hz, H-6, 1H), 4.59 (m, H-3′, 1H), 4.42 (m, H-4′,
2H), 4.27 (m, H-5′, 2H), 0−0.97 (m, BH3, 3H) ppm. Purity data
obtained on an analytical column: retention time of 3.53 min (97.3%
purity), using solvent system I and elution with 7:93 A/B at a flow rate
of 1 mL/min. Retention time of 1.66 min (97% purity), using solvent
system II and elution with 5:95 A/B at a flow rate of 1 mL/min.
Synthesis and Separation of P2-Borano-P1,P4-5′-uridine-5′-

adenosinetetraphosphate (Analogues 9A and 9B). Analogue 9
was synthesized from UMP(Bu3NH

+)2 and ADP(Bu3NH
+)2. The

separation of diastereoisomers 9A and 9B, was accomplished using
a semipreparative reverse-phase column and solvent system I, by
isocratic elution with 7:93 A/B at a flow rate of 5 mL/min.
P2-Borano-P1,P4-5′-uridine-5′-adenosinetetraphosphate

(Analogue 9A). tR = 15.12 min. 31P NMR (D2O, 81 MHz, pH 7): δ
76.5 (m, Pβ, 1P), −11 (d, Pα, 2P), −22.6 (dd, Pβ, 1P) ppm. 1H NMR
(D2O, 300 MHz): δ 8.51 (s, H-8, 1H), 8.26 (s, H-2, 1H), 7.87 (d, J =
8.0 Hz, H-5, 1H), 6.11 (d, J = 5.2 Hz, H-1′, 1H), 5.99 (d, H-1′, 1H),
5.98 (d, J = 8.0 Hz, H-6, 1H), 4.57 (m, H-3′, 1H), 4.37 (m, H-4′, 2H),
4.22 (m, H-5′, 2H), 0−0.97 (m, BH3, 3H) ppm. HR MALDI
(negative): calculated for C19H29BN7O20P4 810.173, found 810.179.
Purity data obtained on an analytical column: retention time of 3.36
min (98% purity), using solvent system I and elution with 7:93 A/B at
a flow rate of 1 mL/min. Retention time of 1.93 min (97.3% purity),
using solvent system II and elution with 5:95 A/B at a flow rate of
1 mL/min.
P2-Borano-P1,P4-5′-uridine-5′-adenosinetetraphosphate

(Analogue 9B). tR = 17.74 min. 31P NMR (D2O, 81 MHz, pH 7): δ
76.0 (m, Pβ, 1P), −11 (d, Pα, 2P), −22.6 (dd, Pβ, 1P) ppm. 1H NMR
(D2O, 300 MHz): δ 8.51 (s, H-8, 1H), 8.26 (s, H-2, 1H), 7.87 (d, J =
8.1 Hz, H-5, 1H), 6.32 (d, J = 5.2 Hz, H-1′, 1H), 6.14 (d, H-1′, 1H),

5.98 (d, J = 8.1 Hz, H-6, 1H), 4.54 (m, H-3′, 1H), 4.36 (m, H-4′, 2H),
4.22 (m, H-5′, 2H), 0−0.97 (m, BH3, 3H) ppm. Purity data obtained
on an analytical column: retention time of 4.65 min (97% purity),
using solvent system I and elution with 7:93 A/B at a flow rate of
1 mL/min. Retention time of 2.11 min (96.7% purity), using solvent
system II and elution with 5:95 A/B at a flow rate of 1 mL/min.

Typical Procedure for the Preparation of Dinucleoside-P-α-
boranotriphosphate (Analogues 10 and 11). NMP(Bu3NH

+)2
(0.2 mmol) was dissolved in dry DMF (2 mL), and CDI (163.7 mg,
1 mmol) was added. The resulting solution was stirred at room
temperature for 3 h. Dry MeOH (80 μL, 1 mmol) was added. After
8 min NDP(α-B)(Bu3NH

+)2 (0.2 mmol) in dry DMF (2 mL), and
MgCl2 (4 equiv) were added. The resulting solution was stirred at
room temperature overnight. The semisolid obtained after evaporation
of the solvent was chromatographed on a Sephadex DEAE-A25
column. A buffer gradient of water (700 mL) to 0.5 M NH4HCO3
(700 mL) was applied. The relevant fractions were pooled and freeze-
dried to yield a white solid. Final purification was achieved on a
semipreparative HPLC column. Finally, purified A and B isomers were
passed through a Sephadex-CM C-25 (Na+-form) column to exchange
triethylammonium counterions for Na+ ions. Product 10 was obtained
at 84% yield (50 mg). Product 11 was obtained at 85% yield (60.5 mg).

Synthesis and Separation of P1-Borano-P1,P3-5′-diadenosi-
netriphosphate (Analogues 10A and 10B). Analogue 10 was
synthesized from AMP(Bu3NH

+)2 and ADP(α-B)(Bu3NH
+)2. The

separation of diastereoisomers 10A and 10B was accomplished using a
semipreperative reverse-phase column, using solvent system I, and
isocratic elution with 11:89 A/B at a flow rate of 5 mL/min.

P1-Borano-P1,P3-5′-diadenosinetriphosphate (Analogue
10A). tR = 16.05 min. 31P NMR (D2O, 81 MHz, pH 7): δ 84(m,
Pα, 1P), −11.5 (d, Pα, 1P), −23 (dd, Pβ, 1P) ppm. 1H NMR (D2O,
200 MHz): δ 8.45 (s, H-8, 1H), 8.2 (s, H-2, 1H), 6.1 (d, H-1′, 1H), 4.60
(m, H-2′, 1H), 4.30 (m, H-4′, 1H), 4.25 (m, H-5′, 1H), 0.5 (m, BH3,
3H) ppm. HR MALDI (negative): calculated for C20H28BN10O15P3
752.223, found 752.227. Purity data obtained on an analytical column:
retention time of 3.13 min (96% purity), using solvent system I and
elution with 7:93 A/B at a flow rate of 1 mL/min. Retention time
of 2.55 min (96.5% purity), using solvent system II and elution with
5:95 A/B at a flow rate of 1 mL/min.

P1-Borano-P1,P3-5′-diadenosinetriphosphate (Analogue
10B). tR = 24.49 min. 31P NMR (D2O, 81 MHz, pH 7): δ 84 (m,
Pα, 1P), −11 (d, Pα, 1P), −22.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O,
200 MHz): δ 8.50 (s, H-8, 1H), 8.1 (s, H-2, 1H), 6.1 (d, H-1′, 1H),
4.60 (m, H-2′, 1H), 4.35 (m, H-4′, 1H), 4.25 (m, H-5′, 1H), 0.7 (m,
BH3, 3H) ppm. Purity data obtained on an analytical column:
retention time of 6.68 min (98% purity), using solvent system I and
elution with 7:93 A/B at a flow rate of 1 mL/min. Retention time of
3.18 min (98.8% purity), using solvent system II and elution with 5:95
A/B at a flow rate of 1 mL/min.

Synthesis and Separation of P1-Borano-P1,P3-5′-diuridine-
triphosphate (Analogues 11A and 11B). Analogue 11 was
synthesized from UMP (Bu3NH

+)2 and UDP(α-B)(Bu3NH
+)2. The

separation of diastereoisomers 11A and 11B was accomplished using
a semipreparative reverse-phase column and solvent system I, by
isocratic elution with 8:92 A/B at a flow rate of 5 mL/min.

P1-Borano-P1,P3-5′-diuridinetriphosphate (Analogue 11A). tR =
6.36 min. 31P NMR (D2O, 81 MHz, pH 7): δ 83 (m, Pα, 1P), −11
(d, Pα, 1P), −22.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O, 300 MHz): δ
8.00 (d, J = 8.1 Hz, H-5, 1H), 5.80 (d, J = 5.2 Hz, H-1′, 1H), 5.75 (d,
J = 8.1 Hz, H-6, 1H), 4.40 (m, H-4′, 1H), 4.25 (m, H-5′, 2H), 0.94−
0.99 (m, BH3, 3H) ppm. HR MALDI (negative): calculated for
C18H26BN4O19P3 706.146, found 706.153. Purity data obtained on an
analytical column: retention time of 2.12 min (99% purity), using
solvent system I and elution with 9:91 A/B at a flow rate of 1 mL/min.
Retention time of 2.00 min (98.8% purity), using solvent system II and
elution with 5:95 A/B at a flow rate of 1 mL/min.

P1-Borano-P1,P3-5′-diuridinetriphosphate (Analogue 11B). tR =
9.25 min. 31P NMR (D2O, 81 MHz, pH 7): δ 82.5 (m, Pα, 1P),
−11 (d, Pα, 1P), −22.5 (dd, Pβ, 1P) ppm. 1H NMR (D2O, 300
MHz): δ 7.95 (d, J = 8.1 Hz, H-5, 1H), 5.85 (d, J = 5.1 Hz, H-1′, 1H),
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5.75 (d, J = 8.1 Hz, H-6, 1H), 4.35 (m, H-4′, 1H), 4.26 (m, H-5′, 2H),
0.94−0.99 (m, BH3, 3H) ppm. Purity data obtained on an analytical
column: retention time of 2.20 min (98% purity), using solvent system
I and elution with 9:91 A/B at a flow rate of 1 mL/min. Retention
time of 1.81 min (97% purity), using solvent system II and elution
with 5:95 A/B at a flow rate of 1 mL/min.
Typical Procedure for the Preparation of Dinucleoside-P-α-

boranotetraphosphates (analogues 12 and 13). To a solution
of 2′,3′-O-methoxymethylidene protected nucleoside (0.5 mmol) in
anhydrous DMF (2 mL) and pyridine (0.2 mL) was added 2-chloro-
4H-1,3,2-benzo-dioxaphosphorin-4-one (111.5 mg, 0.55 mmol) at
room temperature. The solution was stirred for 10 min at room
temperature. A 0.5 M solution of bis(tri-n-butylammonium)-
pyrophosphate in anhydrous DMF (1.5 mL, 0.75 mmol) was vortexed
with tri-n-butylamine (0.47 mL, 2 mmol) and immediately added to
the reaction mixture. After 10 min, a solution of BH3/SMe2 complex,
2 M in THF (2.5 mL, 5 mmol), was added. After 15 min, a mixture of
nucleoside monophosphate monohydrate (2.5 mmol) and magnesium
chloride (5 mmol), which had been dried together before by evapora-
tion of DMF, was added and stirring continued for 16 h. The mixture
was freeze-dried overnight and chromatographed on a Sephadex
DEAE-A25 column. A buffer gradient of 600 mL of water to 600 mL
of 0.5 M NH4HCO3 was applied. The relevant fractions were pooled
and freeze-dried three times to yield the product as a white solid. Final
purification was achieved on a semipreperative C-18 HPLC column.
Product 12 was obtained at 82% yield (69.1 mg). Product 13 was
obtained at 80% yield (48.3 mg).
Synthesis and Separation of P1-Borano-P1,P3-5′-diadenosi-

netetraphosphate (Analogues 12A and 12B). Analogue 12 was
synthesized from 2′,3′-O-methoxymethylidene adenosine. The separa-
tion of diastereoisomers 12A and 12B was accomplished using a
semipreparative reverse-phase column and solvent system I, by
isocratic elution with 8:92 A/B at a flow rate of 5 mL/min.
P1-Borano-P1,P3-5′-diadenosinetetraphosphate (Analogue

12A). tR = 6.62 min. 31P NMR (D2O, 81 MHz, pH 7): δ 83.5 (m,
Pα, 1P), −10.5 (d, Pα, 1P), −22.5 (dd, Pβ, 2P) ppm. 1H NMR (D2O,
200 MHz): δ 8.45 (s, H-8, 1H), 8.2 (s, H-2, 1H), 6.25 (d, H-1′, 1H),
4.45 (m, H-2′, 1H), 4.35 (m, H-4′, 1H), 4.25 (m, H-5′, 1H), 0.5 (m,
BH3, 3H) ppm. HR MALDI (negative): calculated for
C20H30BN10O18P4 833.214, found 833.221. Purity data obtained on
an analytical column: retention time of 1.94 min (95% purity), using
solvent system I and elution with 13:87 A/B at a flow rate of 1 mL/
min. Retention time of 2.15 min (95.3% purity), using solvent system
II and elution with 5:95 A/B at a flow rate of 1 mL/min.
P1-Borano-P1,P3-5′-diadenosinetetraphosphate (Analogue

12B). tR = 8.96 min. 31P NMR (D2O, 81 MHz, pH 7): δ 83.5 (m,
Pα, 1P), −10.5 (d, Pα, 1P), −22.0 (dd, Pβ, 2P) ppm. 1H NMR (D2O,
200 MHz): δ 8.45 (s, H-8, 1H), 8.2 (s, H-2, 1H), 6.1 (d, H-1′, 1H),
4.60 (m, H-2′, 1H), 4.35 (m, H-4′, 1H), 4.20 (m, H-5′, 1H), 0.5 (m,
BH3, 3H) ppm. Purity data obtained on an analytical column:
retention time of 2.36 min (97% purity), using solvent system I and
elution with 13:87 A/B at a flow rate of 1 mL/min. Retention time of
3.21 min (96.5% purity), using solvent system II and elution with 5:95
A/B at a flow rate of 1 mL/min.
Synthesis and Separation of P1-Borano-P1,P4-5′-diuridinete-

traphosphate (Analogues 13A and 13B). Analogue 13 was
synthesized from 2′,3′-O-methoxymethylideneuridine. The separation
of analogue 13 diastereoisomers 13A and 13B was accomplished using
a semipreparative reverse-phase column and solvent system I, by
isocratic elution with 10:90 A/B at a flow rate of 5 mL/min.
P1-Borano-P1,P4-5′-diuridinetetraphosphate (Analogue

13A). tR = 5.55 min. 31P NMR (D2O, 81 MHz, pH 7): δ 83.5 (m,
Pα, 1P), −10.8 (d, Pα, 1P), −22.7 (dd, Pβ, 2P) ppm. 1H NMR (D2O,
300 MHz): δ 8.00 (d, J = 8.1 Hz, H-5, 1H), 5.80 (d, J = 5.1 Hz, H-1′,
1H), 5.75 (d, J = 8.1 Hz, H-6, 1H), 4.40 (m, H-4′, 1H), 4.25 (m, H-5′,
2H), 0.94−0.99 (m, BH3, 3H) ppm. HR MALDI (negative):
calculated for C18H28BN4O22P4 787.134, found 787.139. Purity data
obtained on an analytical column: retention time of 2.53 min (96%
purity), using solvent system I and elution with 8:92 A/B at a flow rate

of 1 mL/min. Retention time of 1.64 min (96.5% purity), using solvent
system II and elution with 5:95 A/B at a flow rate of 1 mL/min.

P1-Borano-P1,-P4-5′-diuridinetetraphosphate (Analogue
13B). tR = 7.11 min. 31P NMR (D2O, 81 MHz, pH 7): δ 84 (m,
Pα, 1P), −10.8 (d, Pα, 1P), −22.9 (dd, Pβ, 2P) ppm. 1H NMR (D2O,
300 MHz): δ 8.00 (d, J = 8.1 Hz, H-5, 1H), 5.80 (d, J = 5.1 Hz, H-1′,
1H), 5.75 (d, J = 8.1 Hz, H-6, 1H), 4.40 (m, H-4′, 1H), 4.25 (m, H-5′,
2H), 0.94−0.99 (m, BH3, 3H) ppm. Purity data obtained on an
analytical column: retention time of 2.82 min (95% purity), using
solvent system I and elution with 8:92 A/B at a flow rate of 1 mL/min.
Retention time of 1.69 min (98% purity), using solvent system II and
elution with 5:95 A/B at a flow rate of 1 mL/min.

Intracellular Calcium Measurements. Human 1321N1 astro-
cytoma cells stably expressing the turkey P2Y1 receptor, the human
P2Y2 receptor, the human P2Y4 receptor, or the rat P2Y6 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 Technologies, Inc.). Changes in the
intracellular free calcium concentration, [Ca2+]i, were detected by dual-
excitation spectrofluorometric analysis of cell suspensions preloaded
with fura-2, as described previously.34 Cells were treated with the
indicated nucleotide or 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 [Ca2+]i was determined at various nucleotide or
analogue concentrations to calculate the EC50. Concentration−response
data were analyzed with the Prism curve fitting program (GraphPAD
software, San Diego, CA). Three experiments were conducted on
separate days for each P2Y receptor subtype.

Measurement of Enzymatic Hydrolysis of Dinucleoside
Poly(borano)phosphate Analogues. e-NPP1 activity was meas-
ured at 37 °C in 1 mL of the following incubation medium: (in mM)
1 CaCl2, 200 NaCl, 10 KCl, and 100 Tris, pH 8.5 (Sigma-Aldrich).
Then 0.1 mL of human NPP1 enzyme preparation was added to the
reaction mixture and the mixture was preincubated for 3 min at 37 °C.
The reaction was initiated by addition of 0.5 mL of 0.2 mM substrate.
The reaction was stopped after 20 min by transferring a 0.3 mL aliquot
of the reaction mixture to 0.375 mL of ice-cold 1 M perchloric acid.
The samples were centrifuged for 5 min at 10000g. Supernatants were
neutralized with 1 M KOH at 4 °C and centrifuged for 5 min at
10000g. An aliquot of the supernatant (0.2 mL) was analyzed by
HPLC to monitor the increase of NMP. The percentage of substrate
(dinucleotide) decomposition in 20 min corresponds to the average of
two experiments preformed in triplicate.

Quantification of NMP Hydrolysate by HPLC. e-NPP1-
dependent degradation products generated from dinucleoside poly-
(borano)phosphate analogues 6−13 were isocratically eluted from an
analytical reverse-phase Gemini 150-4.60 column with a mobile phase
composed of 100 mM triethylammonium acetate (TEAA), pH 7, and
10−18% acetonitrile at a flow rate of 1 mL/min. Nucleotide con-
centrations were determined from the relative area under the respective
HPLC peaks.
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