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Abstract—Polyoxotungstates were identified as potent inhibitors of NTPDasesl, 2, and 3. The most potent compound was
Ke¢Ho[TiW;Co0y40], exhibiting K; values of 0.140 uM (NTPDasel), 0.910 uM (NTPDase2), and 0.563 uM (NTPDase3). One of
the compounds, (NHy);3[NaSbgW,;Oge], was selective for NTPDases2 and 3 versus NTPDasel. NTPDase inhibition might contrib-
ute to the described biological effects of polyoxometalates, including their anti-cancer activity.

© 2006 Elsevier Ltd. All rights reserved.

Extracellular nucleotides such as ATP, ADP, UTP, and
UDP can act on a variety of nucleotide receptors (P2
receptors).! The activation of P2 receptors is controlled
by ecto-nucleotidases capable of hydrolyzing nucleoside
tri- and diphosphates® (ecto-nucleoside triphosphate
diphosphohydrolases, E-NTPDases). Inhibition of
E-NTPDases can result in a potentiation of purinergic
signaling, supporting the notion that endogenous ecto-
nucleotidases reduce the effective concentration of the
released nucleotide.>® Similarly, metabolically stable
analogs of ATP are often considerably more effective
in causing a biological response than ATP itself. Inhib-
itors of E-NTPDases could thus represent valuable tools
for amplifying the biological effects induced by extracel-
lularly released nucleotides. In addition, inhibition of E-
NTPDases is required when studying nucleotide release.
Three different E-NTPDases have been known, NTP-
Dasel, 2, and 3.2 Recently, NTPDase8 has been de-
scribed as a fourth E-NTPDase.®” NTPDases4, 5, 6,
and 7 are intracellular enzymes.

Inhibitors of E-NTPDases should not be dephosphoryl-
ated, that is, they should not be substrates of the
enzymes. Ideally they would reveal selectivity for
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individual E-NTPDase isoforms. NTPDasel hydrolyzes
ATP and ADP equally well, while NTPDase2 has a high
preference for ATP. NTPDase3 is a functional interme-
diate, preferably hydrolyzing ATP (ATP/ADP = 5:1, rat
enzyme).’

Currently, there is a lack of potent and subtype-selective
E-NTPDase inhibitors, which are urgently needed as
pharmacological tools. Furthermore, such inhibitors
may have potential as novel drugs,>® for example, for
the treatment of cancer and diseases of the immune sys-
tem. Inhibition of NTPDases may increase the immune
response toward viral or bacterial infections. Local inha-
lative application may be useful for the treatment of cys-
tic fibrosis and infectious diseases of the lung.

The NTPDase inhibitors known so far are derived from
three different chemical classes (i) nucleotides and ana-
logs (e.g., ARL67156, 1), (ii) sulfonated dyes such as
Reactive Blue 2 (RB2, 2), and (iii) suramin (3) and deriv-
atives (Fig. 1).>° ARL67156 has been reported to be a
moderately potent, but selective, E-NTPDase inhibitor
which does not block P2 receptors. However, we recent-
ly discovered that ARL67156 only inhibits NTPDases]
and 3, but not NTPDase2 (see Table 1).!° RB2 and sur-
amin, on the other hand, are potent antagonists at some
P2 receptor subtypes and thus can block the effects of
nucleotides rather than enhancing them.'!-!?
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Figure 1. Structures of E-NTPDase inhibitors.
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Table 1. Potency of polyoxometalates and standard compounds as inhibitors of rat NTPDasel, 2, and 3 obtained by capillary electrophoresis assays

Compound Formula or name Charge at  Stability at M, (g/mol) K; (uM) = SEM
pH 7.4 pH 7.6% of anions

NTPDasel NTPDase2 NTPDase3
1'° ARLG67156 —4 n.d.® 747 27.0+ 0.0 >1000° 112+0
210 Reactive Blue 2 -3 n.d. 771 20.0 £ 0.0 242 10.1 1.10 £ 0.03
30 Suramin —6 n.d. 901 3000 65.4+0.0 12.7£0.0
4 Nag[H, W ,040] —6 > l4day 2830 2.58 £0.30 28.8+0.2 326%0.18
5 H;3[PW 1,040 H,O -3 ca.lh 2859 3.49+0.23 6.17£0.15 8.72 £ 1.81
6 K5[Ti;WoPO4) =7 >14 day 2606 2.00 £0.34 374%13 4.00 + 0.26
7 KeH,[TiW1C004)- 13H,0 -8 ca. 24 h 2770 0.140 = 0.021 0910+ 0.041 0.563 +0.113
8 K;0[Co4(H,0)2(PW9034),]22H,0  —10 >14 day 4732 0.480 = 0.010 1.53+0.20 2.61 £0.97
9 (NHy)3[NaSboW,, O] —18 ca. 48 h 6356 >] mM¢ 3.94+0.78 3.77£0.52

The results are means + SEM of three separate experiments each run in duplicate.

# At least 50% of cluster structure was intact after time indicated.
®n.d., not determined.

©50% inhibition at 1 mM.

415% inhibition at 1 mM.

Polyoxometalates are anionic complexes that are rela-
tively stable, some even highly stable in aqueous solu-
tions at biological pH values.!3

They contain transition metal ions, such as tungsten,
molybdenum, vanadium, etc., which are bridged by oxy-
gen atoms. In addition to applications in catalysis, sep-
arations, analysis, and as electron-dense imaging agents,
some of these complexes have been shown to exhibit
biological activity in vitro as well as in vivo ranging
from anti-cancer, antibiotic, and antiviral to antidiabetic
effects.’>1> Due to their negative charges they bear

resemblance to nucleotides. A set of six polyoxotung-
states (4-9) having different charge, size, and shape were
selected and investigated for thelr potency to 1nh1b1t
ecto- nucleotldases [H2W1204O] ~ 4, [PW12040] (5),
[Ti;W10POs0] (6)3 [TiW;;C0040]°~ 7)
[Cos(H0)2(PWo034)2]"" (8), and [NaSbyW, Ogq]'®

(9). The metatungstate 4 shows a highly symmetric clus-
ter structure consisting of corner- and edge-sharing WOy
octahedrons,'® 5-7 are Keggin type polyanions,!”!° 8
forms trivacant Keggin-derived sandwiches,?® and 9 is
an inorganic cryptate with sodium encapsulated in the
central cavity.?! The x-ray structures of 7 and 8 are
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Figure 2. Structures of E-NTPDase inhibitors 7 (typical Keggin type
structure) and 8 (trivacant Keggin-derived sandwich).

shown in Figure 2. Polyoxotungstates 4 and 5 were pur-
chased (Fluka) and used without further purification.
Compounds 6,7> 7,'%23 8,29 and 9>* were prepared and
purified according to published procedures. Elemental
analysis (ICP-MS: ELAN 9000, Perkin-Elmer for Co,
P, Sb, Ti, W; AAS: AAS 4100, Perkin-Elmer for K,
Na) and IR spectra confirmed the composition of the
polyoxotungstates. All polyoxotungstates investigated
show typical charge transfer bands between 240 and
260 nm (bridging oxygen in W-O-W). After degrada-
tion of the cluster structure this band disappears. Thus,
this peak was chosen to study the hydrolytic stability of
the compounds using UV-vis spectroscopy. Experiments
were performed with aqueous solutions of compounds
(10 uM) at pH 7.6 (HCl-borate buffer). The results are
summarized in Table 1.

Enzyme inhibition assays were performed using a
recently developed capillary electrophoresis-based on-
line method.!'® Membrane preparations of Chinese ham-
ster ovary cells expressing recombinant rat NTPDasel,
2, or 3 were used'® and microassays were performed
within the capillary followed by electrophoretic separa-
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Figure 3. Concentration-inhibition curves for compounds 6 and 7.
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tion of substrate and products, and subsequent quanti-
tative determination by UV detection.’> For the
determination of ICsq and K; values of polyoxometalates
(Table 1) as NTPDase inhibitors, 6-8 different concen-
trations of inhibitor spanning about three orders of
magnitude were used, while a fixed substrate concentra-
tion of 320 uM ATP was employed for all three NTPD-
ases. Under the applied conditions less than 10% of
substrate was converted by the enzymes.

All of the polyoxometalates tested were potent inhibi-
tors of NTPDases (Table 1). However, significant differ-
ences were found in activities and selectivities for certain
isoenzymes. The simple metatungstate 4 was a potent
NTPDasel and 3 inhibitor (K; 2.58 and 3.26 uM), and
showed about 10-fold lower inhibitory activity for NTP-
Dase2. Compound 6 gave very similar results (see
Fig. 3). Compounds 5, 7, and 8 were non-selective inhib-
itors of all three NTPDases (5: K; 3.49-8.72 uM, 7: K;
0.140-0.910 uM (see Fig. 3), and 8: K; 0.480-2.61 uM).
Compound 5 exhibits limited stability (see Table 1)
but the assay conditions (fresh preparation of test solu-
tion, fast assay within a few minutes) were such that
degradation should be negligible. In contrast to all other
investigated polyoxometalates, compound 9 did not
inhibit NTPDasel, but was a potent inhibitor of NTP-
Dase2 and 3.

The inhibitory potency of the polyoxometalates ap-
peared to correlate neither with the size or shape of
the complexes nor with the number of negative charges
(Table 1).

In comparison with the standard NTPDase inhibitors
ARL67156 (1), Reactive Blue 2 (2), and suramin (3)
the investigated polyoxotungstates were generally more
potent. The most potent NTPDase inhibitor of the
present series, compound 7, was >140-fold more potent
at NTPDasel, and >26-fold more potent at NTPDase2
than the standard compounds. Polyoxometalate 9 will
allow for the first time to selectively inhibit NTPDases2

and 3 without affecting the highly expressed
NTPDasel.
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The pharmacological effects expected from NTPDase
inhibitors® and those described for polyoxymeta-
lates,'3-15 including some of the compounds investigated
in this study, are amazingly similar. It is tempting to
speculate that some of the effects of polyoxometalates
observed in in vitro and in vivo studies might be due
to ecto-nucleotidase inhibition. In particular the anti-
cancer activity of polyoxometalates, including 5 and 7,
might be explained by an enhanced activation of P2
receptors due to an increase in the extracellular nucleo-
tide concentrations. Likewise, protection against viral or
bacterial infection by polyoxymetalates may be en-
hanced by NTPDase inhibition, in addition to further
mechanisms, such as prevention of virus entry into the
cells or direct inhibition of DNA polymerases (e.g.,
HIV reverse transcriptase) or HIV protease. Further-
more, antidiabetic activities of polyoxometalates have
been described. These may also be due to NTPDase
inhibition, since activation of P2Y receptors on pancre-
atic islet cells by nucleotides will lead to an increase in
insulin release.?®

In order to investigate whether polyoxometalates are
selective for NTPDases versus P2 receptors we exempl-
arily investigated their affinity for the P2Y;, receptor
subtype, a G protein-coupled receptor expressed on
platelets that is activated by ADP and blocked by
ATP.?7 At a test concentration of 10 uM, compounds
4-7 and 9 inhibited binding of the P2Y;, antagonist
radioligand [PH]PSB-0413%8 to the receptors only mod-
erately (20-40%) indicating that their K; values are
above 10 uM. Only compound 8 showing a unique
structure (Fig. 2) was more potent (K; 1.30 £ 0.16 uM).
Thus, except for 8, all compounds investigated, includ-
ing the most potent derivative 7, can be described as
selective at least versus the P2Y, receptor subtype. Fur-
ther studies at the other P2Y and the P2X receptor sub-
types are in progress. In future experiments the nature of
inhibition, for example, competitive versus non-compet-
itive, is to be elucidated.

In conclusion, we identified polyoxometalates as a novel
class of E-NTPDase inhibitors, which belong to the
most potent E-NTPDase inhibitors described to date.
Inhibition of E-NTPDases may explain or contribute
to some of the observed in vitro and in vivo effects of
polyoxometalates, including anti-cancer activity, protec-
tion against viral and bacterial infections, and antidia-
betic activity.
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