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Enzymatic synthesis of UTPyS, a potent hydrolysis resistant
agonist of P2u-purinoceptors
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tRichard C. Boucher & *'T. Kendall Harden
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1 The defective Cl- secretion characteristic of cystic fibrosis airway epithelial cells can be bypassed by
an alternative Ca2+ dependent Cl- secretory pathway that is activated by extracellular nucleotides, e.g.
uridine-5'triphosphate (UTP), acting on P2U purinoceptors. Since UTP is susceptible to hydrolysis by
nucleotidases and phosphatases present in the airways, the identification of stable P2U-purinoceptor
agonists would be of therapeutic relevance.
2 Uridine-5'-O-(3-thiotriphosphate) (UTPyS) was synthesized by nucleoside diphosphate kinase-
catalyzed transfer of the y-phosphorothioate from guanosine-5'-O-(3-thiotriphosphate) (GTPyS) or
adenosine-5' = 0-(3-thiotriphosphate) (ATPyS) to UDP. Formation of UTPyS was illustrated by
observation of transfer of 35S from [35S]-GTPyS and transfer of 3H from [3H]-UDP. The chemical
identity of high performance liquid chromatography (h.p.l.c.)-purified UTPyS was confirmed by nuclear
magnetic resonance analysis.
3 Human 132INI astrocytoma cells stably expressing the phospholipase C-coupled human P2U-
purinoceptor were utilized to test the activity of UTPyS. UTPyS (EC50 = 240 nM) was essentially
equipotent to UTP and ATP for stimulation of inositol phosphate formation.
4 Unlike [3H]-UTP, [3H]-UTPyS was not hydrolyzed by alkaline phosphatase, acid phosphatase, or
apyrase. Moreover, no hydrolysis was detected during a 1 h incubation with human nasal epithelial cells.
5 UTPyS was equally potent and efficacious with UTP for stimulation of Cl- secretion by human nasal
epithelium from both normal donors and cystic fibrosis patients. Based on its high potency and
resistance to hydrolysis, UTPyS represents a promising compound for treatment of cystic fibrosis.
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Introduction

Chloride transport by airway epithelia plays an important role
in modulation of the volume and composition of pulmonary
secretions, and defects in this mechanism may be involved in
lung disease (Boucher, 1993). The defective adenosine 3': 5'-
cyclic monophosphate (cyclic AMP)-regulated Cl- secretion,
which is characteristic of cystic fibrosis (CF), can be bypassed
by activation of an alternative Cl- conductance that is CF
transmembrane-regulator (CFTR)-independent and is regu-
lated by intracellular Ca2" levels (Clarke & Boucher, 1992;
Clarke et al., 1994). Extracellular nucleotides such as adeno-
sine 5'-triphosphate (ATP) and uridine 5'-triphosphate (UTP)
stimulate Cl- secretion in CF airway epithelial cells, and this
effect is associated with an elevation of intracellular Ca2+
secondary to P2u-purinoceptor-promoted activation of phos-
pholipase C (Brown et al., 1991; Mason et al., 1991).

P2U-purinoceptors are a subclass of receptors for extra-
cellular nucleotides found in a broad range of tissues
(O'Connor et al., 1991; Dubyak & El-Moatassim, 1993). The
fact that both ATP and UTP are agonists at P2u-purinoceptors
distinguishes these receptors from other phospholipase C-
linked nucleotide receptors such as the P2Y-purinoceptor that is
activated only by adenine nucleotides (Dubyak, 1991; Fred-
holm et al., 1994; Harden et al., 1995), and a recently described
uridine nucleotide receptor that is activated only by uridine
nucleotides (Lazarowski & Harden, 1994). The presence of
P2u-purinoceptors on the apical surface of airways (Mason et
al., 1991) raises the possibility that aerosolized nucleotides
selective for these receptors might be used therapeutically to
induce Cl- secretion in individuals with CF or other airway
diseases (Knowles et al., 1991; 1992). UTP, the most potent

and selective agonist for P2u-purinoceptors, is currently un-
dergoing clinical assessment as an agent to modify airway
function in CF patients (Knowles et al., 1994).

The duration of any therapeutic effect of UTP on the air-
ways will be limited by the hydrolytic action of nucleotides and
phosphatases normally present on the airway epithelial cell
surface (Regnis et al., 1994) and also abundant in secretions
from inflamed airways of CF patients (Regnis, Knowles &
Boucher, unpublished). Based on the resistance to hydrolysis
observed with phosphate-modified derivatives of adenine and
guanine nucleotides, analogues of UTP substituted in the
phosphate side-chain might possess more long-lived effects on
airway Cl- secretion. However, such analogues of UTP have
not been available.

Nucleotide 5'-diphosphate kinase (NDPK) is an enzyme
that catalyzes the transfer of the y-phosphate from nucleoside
triphosphates to nucleoside diphosphates (Ratliff et al., 1964).
Goody and associates were the first to demonstrate that
NDPK also is useful for the synthesis of phosphorothioates
such as adenosine-5'-O-(3-thiotriphosphate) (ATPyS) and
GTPyS (Goody et al., 1972). Although UDP has been reported
to be a poor substrate (Buczynski & Potter, 1990) or inhibitor
(Seifert et al., 1988) of NDPK, Seifert et al. have shown that
NDPK can be utilized to synthesize UTPyS (Seifert et al.,
1989). Here, we describe in detail the enzymatic synthesis and
purification of UTPyS, and present studies on both its su-
ceptibility to hydrolysis and its nucleotide receptor selectivity.
Our results indicate that UTPyS is a stable high potency P2U-
purinoceptor-selective agonist.

Methods

Synthesis and purification of UTPyS

UTPyS was synthesized by use ofNDPK and modifications of
the procedures originally described for the synthesis of ATPyS
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and GTPyS (Goody et al., 1972; Buczynski & Potter, 1990).
Except where indicated otherwise, incubations were carried out
at 30'C for 1 h in a final volume of 1 ml containing (in mM)
Tris (pH 7.4) 25, MgCl2 2, GTPyS 2, UDP 10, and NDPK
50 u ml-'. The NDPK catalyzed reaction proceeded as fol-
lows:

NDPK
GTPyS + UDP<-*GDP + UTPyS

To synthesize radioactively labelled UTPyS, 0.05 -0.2 1Ci
of either [35S]-GTPyS or [3H]-UDP was included in the reac-
tion mixture. Separation of the reaction products by high
performance liquid chromatography (h.p.l.c.) was performed
with a LC-IOAD liquid chromatograph and a SCL-IOA system
controller (Shimadzu Scientific Instruments, Columbia, MD)
utilizing an ion-exchange system (VYDAC, Hesperia, CA)
with a linear ammonium phosphate gradient as the mobile
phase as we have previously described (Lazarowski et al.,
1995). Absorbance at 260 nm was monitored with an on-line
Model 490 multiwavelength detector (Waters Division, Milli-
pore, Milford, MA). Species resolved after the NDPK-cata-
lyzed reaction were identified by coelution with known
standards and quantified by comparing peak areas with con-
centration curves established with standard nucleotides.
Radioactivity was monitored on-line with a Radiomatic Flo-
one detector (Radiomatic Instruments, Tampa, FL).

The species eluting from 30.5 to 32.5 min was purified,
loaded onto an Accell Plus QMA Sep-Pak cartridge waters,
and sequentially washed and eluted with triethylammonium
bicarbonate as described previously (Goody et al., 1972). The
sample which contained purified UTPyS was lyophilized and
stored at - 80°C until use. Each preparation of UTPyS was re-
chromatographed prior to use to insure purity. The con-
centration of purified UTPyS was determined by preparation
of [3H]-UTPyS from [3H]-UDP of known specific radioactivity.
31P nuclear magnetic resonance (n.m.r.) spectral analyses of
nucleotides were performed at 202.46 Mhz with a Bruken
AMX 500 spectrometer as described previously (Rao, 1989).
Absorbance spectra (200-600 nm) were performed and re-
corded with a Shimadzu UV-265 spectrophotometer.

Synthesis of [3H]-UDP

[3H]-UDP was prepared by enzymatic dephosphorylation of
[3H]-UTP utilizing hexokinase. The incubation consisted of
[3H]-UTP (1-100 uCi, 0.1 /IM), 4 mM glucose, and 1-5 u
hexokinase in 1 ml HEPES, pH 7.4. Incubations were for 5-
30 min at 37°C, and reactions were terminated by addition of
5% trichloroacetic acid (TCA) followed by ethyl ether ex-
traction. Complete conversion of [3H]-UTP into [3H]-UDP was
confirmed by h.p.l.c.

Measurement of inositol phosphates

Inositol phosphates were measured with HP2U-1321N1 hu-
man astrocytoma cells, a cell line infected with the
LHP2USN retroviral vector to express stably the human
airway epithelial cell P2U-purinoceptor (Parr et al., 1994).
Cells were labelled for 18 h with [3H]-myo-inositol, pre-in-
cubated with 10 mM LiCl, and challenged with agonists for
an additional 20 min (Lazarowski et al., 1995). Inositol
phosphates were separated on Dowex AG1-X8 columns as
described by Brown et al. (1991). Experiments were per-
formed with triplicate determinations and individual values
differed by less than 10% from the mean.

Bioelectric studies

Confluent monolayers of primary nasal epithelium from nor-
mal donors or from CF patients were mounted in modified
Ussing chambers. The submucosal bath solution was Krebs
bicarbonate Ringer solution, and the mucosal bath solution
was Krebs bicarbonate Ringer solution with Cl- replaced by

gluconate and 100 mM Na+ replaced by 100 mm K+. The
mucosal bath solution contained 100 giM amiloride. Under
these conditions, the short circuit current (ISC) under zero
voltage clamp conditions is equivalent to Cl- secretion (Ma-
son et al., 1991).

Metabolism of [3H]-UTP and [3H]-UTPyS

Primary cultures of human nasal epithelial cells were grown to
confluence on 6.5 mm collagen coated filters mounted on 24-
transwell Costar plates. [3H]-UTP and [3H]-UTPyS
(- 300,000 c.p.m., 30 pM x 0.25 ml) was added to the mucosal
surface and, after incubation for various times, the 3H species
present in the medium were separated and quantified by
h.p.l.c. (Lazarowski et al., 1995). To assess the activity of
phosphatases on nucleotides in vitro, 10 gM [3H]-UTP or [3H]-
UTPyS was incubated in the presence of 1 mM MgCl2 at 25°C
with various concentrations of acid phosphatase (pH 4.7), al-
kaline phosphatase (pH 9.5), or apyrase (pH 7.5). Incubations
were terminated at the times indicated below by addition of 4
volumes of ice-cold 1 mM UTP and 2 mM EDTA, and the 3H
species were separated by h.p.l.c.

Reagents

Bovine liver NDPK (80 u mg-'), yeast hexokinase
(450 u mg-'), acid phosphatase from potato (60 u mg- ),
calf alkaline phosphatase (400 u mg-'), UTP, GTPyS, and
other nucleotide standards were purchased from Boehringer
(Indianapolis, IN). Apyrase from potato (80 u mg-') was
from Sigma (St. Louis, MO). [3H]-UTP (20 Ci mmol-1) was
obtained from Amersham (Arlington Heights, IL), [35S]-
GTPyS (1000 Ci mmol-1) was purchased from DuPont
NEN (Boston, MA), and myo-[2-3H]-inositol (20 Ci
mmol-') was from American Radiolabeled Chemicals (St.
Louis, MO).

Results

NDPK exhibits a broad substrate specificity. We took ad-
vantage of this enzymatic activity to synthesize UTPyS by a
reaction that utilized either GTPyS or ATPyS as the y-phos-
phorothioate donor molecule and UDP as the acceptor sub-
strate. Incubation of 2 ymol UDP, 1 jymol GTPyS, and 50 u of
NDPK in the presence of 2 mM MgCl2 resulted in formation of
0.65 umol of GDP and in an equivalent molar decrease of
UDP and GTPyS (Figure la,b). In addition, a novel species
was generated that, as predicted for UTPyS, had an elution
time (31.5 min) intermediate between UTP and GTPyS on an
h.p.l.c. ion-exchange system (Figure 1). This species was not
observed with incubations carried out in the absence ofNDPK
(Figure la and Figure 2b), UDP (Figure 2c), or GTPyS (not
shown), or when Mg2+ ions were depleted by including 4 mM
EDTA in the reaction mixture (data not shown). A species
(UTPyS) that eluted at 31.5 min was also generated in addition
to ADP when ATPyS was used as the donor substrate instead
of GTPyS (data not shown).

The NDPK-catalyzed reaction also was carried out in the
presence of radiolabelled precursors to confirm transference of
the thiol moiety from GTPyS to UDP. This was demonstrated
in two ways. First incubation of [35S]-GTPyS and unlabelled
UDP with NDPK resulted in 35S labelling, i.e. [35S]-UTPyS of
the species eluting at 31.5 min (Figure Ic). Second, incubation
of [3H]-UDP and unlabelled GTPyS with NDPK resulted in 3H
labelling, i.e. [3H]-UTPyS, of the species eluting in 31.5 min
(Figure Id). Thus, both uridine and the y-thiophosphate could
be transferred to the new species, i.e. UTPyS, by use of
radioactive substrates. To support the conclusion that UTPyS
was the molecular entity that was synthesized, the reverse
NDPK reaction was carried out. That is, GDP and purified
radioactive UTPyS were used as substrates and the production
of UDP or GTPyS was measured. Incubations that contained
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[3H]-UTPyS resulted in production of [3H]-UDP (data not
shown) and incubations that contained [35S]-UTPyS resulted in
production of [35S]-GTPyS (data not shown). Thus, the
transfer of the y-thiophosphate to GDP to produce GTPyS and
the formation of UDP could be shown to occur by use of
radioactive UTPyS.

NDPK-catalyzed transfer of y-phosphate between nucleo-
tides occurred rapidly under the conditions used, and steady
state was reached within 5 min (data not shown; Buczynski &
Potter, 1990). In contrast, synthesis of the y-thio-substituted
nucleotide triphosphates, i.e. GTPyS and ATPyS, has been
shown to take place at a 1000 fold slower rate (Buczynski &
Potter, 1990). As such, the time course and concentration-de-
pendence for NDPK-catalyzed formation of [35S]-UTPyS were
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determined (Figure 2). Formation of [35S]-UTPyS in the pre-
sence of 50 u ml-' NDPK, 2 mM UDP, and 1 mM [35S]-
GTPyS was time-dependent, and steady state was attained
within 30 min (Figure 2a). Under these conditions the maximal
rate of formation of [35S]-UTPyS was obtained in the presence
of approximately 30 u ml-' of NDPK (Figure 2b). The effect
of substrate concentration on the formation of UTPyS was
examined under pseudo first order reaction conditions, i.e. the
second substrate was present at near saturating concentrations.
Rectangular hyperbolic curves were generated for both GTPyS
(not shown) and UDP (Figure 2c), and the apparent Km values
(GTPyS = 0.54 mM, UDP = 1.44 mM) and the Vmax (210 nmol
min-' mg-') were deduced from Eadie-Hofstee transforma-
tions (Figure 2c inset, and data not shown).
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Figure 1 H.p.l.c. separation of the (NDPK)-reaction products. The incubation mixture consisted of 1 mM GTPyS, 2mm UDP and
2mM MgCl2 in 1 ml 10mM Tris, pH 7.5. Reactions were for 1 h in the absence (a) or in the presence (b, c, d) of 50uml- 1 NDPK,
and in the presence of 1 1iCi of either [35S]-GTPyS (c) or [3H]-UDP (d). The data are representative of at least three experiments
performed with duplicate samples.
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Figure 2 Nucleoside 5'-diphosphate kinase (NDPK)-catalyzed formation of uridine-5'-O-(3-thiotriphosphate) (UTPyS). Effect of
time, enzyme and substrate concentration. (a) Incubations were for the times indicated in the presence of 50uml-1 NDPK, 2mM
UDP and (0.1 puCi) mM [35S]-GTPyS. (b) Incubations were for 30 min in the presence of 2mM UDP and (0.1 kLCi) MM [35S]-
GTPyS. (c) The initial rate of UTPyS formation was determined for various UDP concentrations in the presence of (0.1 tCi) 2mM
[35S]-GTPyS and 30 u ml- 1 NDPK. An Eadie-Hofstee transformation of the data is shown in the inset. The data represent the mean
value from two experiments performed in duplicate.
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Scanning analysis of purified UTPyS revealed an absor-
bance peak at 262 nm that superimposed with that obtained
with an equivalent concentration of UTP (Figure 3a). The
observed molar extinction coefficient (a262, pH 7.4=

-aoC,
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Figure 3 Spectral analysis of uridine-5'-O-(3-thiotriphosphate)
(UTPyS). (a) 30juM of either UTPyS (solid line) or UTP (dotted
line) were scanned from 600 to 200nm wavelength and the
absorbance was simultaneously recorded as described in Methods.
(b) 31P-NMR spectra at 202.62 MHz of 1 mM UTP (upper panel) and
1 mM UTPyS (lower panel). The resonance frequency is quoted as
part per million (p.p.m.) of the applied magentic field strength. The
value p.p.m. = 1 was determined with standard 31P-phosphoric acid.
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Figure 5 Uridine-5'-O-(3-thiotriphosphate) (UTPyS) and uridine 5'-
triphosphate (UTP) stimulate short circuit currents (ISc) in primary
cultures of nasal epithelial cells from cystic fibrosis (CF) patients.
Confluent monolayers of primary nasal epithelium obtained from CF
patients were mounted in modified Ussing chambers and perfused
with Krebs Ringer bicarbonate solution in the presence of 100/pM
amiloride in the apical bath. Agonists were added to the apical bath
(6 ml volume) and the short circuit current was measured under
voltage clamp conditions. The data are expressed as the % of
response obtained with 10 /M UTP (AIs =24+4pAcm-2) and
represent the mean value from cells cultured from two patients and
assayed in duplicate. Error bars indicate the range of values obtained
for each concentration of nucleotide. Symbols: (0) UTP; (0)
UTPyS.
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Figure 4 Uridine-5'-O-(3-thiotriphosphate) (UTPyS) and uridine 5'-triphosphate (UTP) stimulate the formation of [3H]-inositol
phosphates in HP2U-1321N1 human astrocytoma cells. Cells were labelled with [3H]-myo-inositol, preincubated with 10mM LiCl,
and challenged with either 3pM UTPyS or 3 pM UTP for the times indicated (a inset), or for 20 min in the presence of the indicated
nucleotide concentrations (a). (b) Concentration-effect relationship of nucleotide-stimulated inositol phosphate formation in P2Y-
1321N1 cells. Incubations were terminated by addition of 5% TCA and the individual [3H]-inositol phosphates were separated on
Dowex columns and quantified as described in Methods. The data are the mean values from at least 2 different experiments
performed with triplicate samples. Symbols: (0) UTP; (El) ATP; (0) UTPyS; (E) 2MeSATP.
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10.2 nmol 1` cm-') of UTPyS indicated that the y-phos-
phorothioate substitution has little or no effect on £ (n262 = 10.0
nmol 1` cm-') of UTP. 31P n.m.r. spectra for UTP and
UTPyS are shown in Figure 3b. The resonances of the y-
phosphates exhibited a large chemical shift difference con-
sistent with the presence of different substitutions on
the y-residues. In contrast, no chemical shift difference was
observed between the two a-phosphate resonances of UTP and
UTPyS, and only a small difference was observed between the
two fl-phosphate resonances. The same spectral differences
were observed between ATP and ATPyS standards (data not
shown).

The activity of UTPyS at P2U-purinoceptors was tested by
measuring agonist-stimulated inositol phosphate formation in
HP2U-1321N1 cells, an astrocytoma cell subclone stably ex-
pressing the phospholipase C-coupled human P2u-pur-
inoceptor (Parr et al., 1994). UTPyS (3 uM) induced a
sustained formation of inositol phosphates over a 60 min
incubation period (Figure 4a inset). The time course for in-
ositol phosphate formation was similar to that observed with
an equivalent concentration of the potent P2u-purinoceptor
agonist, UTP. (In contrast to results obtained with airway
epithelial cells (see below), only a minor (12%) hydrolysis of
[3H]-UTP was observed during a 20 min incubation of this
nucleotide (0.1 gM) in the presence of HP2U-1321N1 cells).
Concentration-effect curves for stimulation of inositol phos-
phate formation in HP2U-1321N1 cells illustrated that [3H]-
UTPyS was a very potent agonist for the P2u-purinoceptor,
with an EC50 (240 nM) very similar to the EC50 values of
UTP (120 nM) and ATP (230 nM) (Figure 4a; (Lazarowski et
al., 1995)). In contrast to the effects observed with HP2U-
1321N1 cells, UTPyS at concentrations as high as 10 gM
produced little stimulation (i.e. approximately 20% of max-
imal stimulation obtained with 100 nM 2MeSATP) of inositol

2-

1-

O-1

phosphate formation in P2Y-1321N1 cells (Figure 4b), a cell
line expressing the recombinant P2Y-purinoceptor (Filtz et al.,
1994).
An ultimate goal of this work was to test whether UTPyS is

a stable and effective stimulus for Cl- secretion in airway
epithelial cells. Thus, the capacity of UTPyS to stimulate short
circuit current (IS) in primary cultures of human nasal epi-
thelial cells was examined. UTPyS was equally potent and ef-
ficacious to UTP for stimulation of chloride secretion in
airway cells obtained from normal donors (data not shown)
and cystic fibrosis patients (Figure 5).

The resistance of UTPyS to hydrolysis was examined with
purified enzymes and on airway tissues. [3H]-UTP (10 gM) was
extensively hydrolyzed during a 10 s incubation with
0.01 u ml-' of alkaline phosphatase or apyrase. In contrast,
[3H]-UTPyS remained intact after a 20 min incubation with a
10 fold higher concentration of either enzyme (not shown).
Although minor (3%) hydrolysis of [3H]-UTPyS was observed
after a 20 min incubation with acid phosphatase, this break-
down occurred at an approximately 2000 times slower rate
(0.0019 jimol min-' mg-') than did hydrolysis of UTP
(4.6 Lmol min-' mg-') (Figure 6). The susceptibility of
UTPyS and UTP to the hydrolytic action of extracellular nu-
cleotidases present on the human airway epithelial cell surface
was also determined. Primary cultures of human nasal epi-
thelial cells were incubated with 30 IM [3H]-UTP or [3H]-
UTPyS added on the mucosal surface. [3H]-UTP was sub-
stantially hydrolyzed over a 1 h incubation confirming our
previous observations on the presence of phosphatases and
nucleotidases on mucosal airway cell surfaces (Regnis et al.,
1994). In contrast, [3H]-UTPyS remained essentially intact
after a 1 h incubation (Figure 7). These results indicate that
UTPyS is a poor substrate for extracellular airway epithelial
cell hydrolases.
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Figure 6 Effect of various phosphatases on [3H]-uridine 5'-triphosphate (3H]-UTP) and [3H]-uridine-5'-O-(3-thiotriphosphate)
([3H]-UTPyS) in vitro. Approximately 300,000c.p.m.ml-1 of either 10yM [H]-UTPyS or 10uM [3H]-UTP were incubated with
alkaline phosphatase, acid phosphatase, or apyrase for various periods of time and the resulting nucleotides were separated by
h.p.l.c. as detailed in Methods. The tracings shown on the left panels are representative of a 10s incubation of [3H]-UTP with
vehicle (top panel) or with 0.01 u ml- of the indicated enzyme. The tracings shown on the right panels correspond to [3H]-UTPyS
samples after a 20 min incubation period with vehicle (top panel) or with 0.1 uml- of the indicated enzyme.
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Figure 7 Susceptibility of uridine 5'triphosphate (UTP) and uridine-
5'-O-(3-thiotriphosphate) (UTPyS) to the hydrolytic action of
extracellular airway epithelial cell nucleotidases. Primary cultures of
human nasal epithelial cells were incubated with approximately
300,000 c.p.m. ml-1 of either 30gM [3H]-UTPyS (0) or 30Mm [3H]-
UTP (0) added in the mucosal medium (0.25 ml volume). At the
times indicated the medium was collected and 3H nucleotides were
quantified by h.p.l.c. as described in Methods. The data represent the
mean value from two experiments performed with duplicate samples.
Error bars indicate the range of values obtained for each time of
incubation.

Discussion

The localization and regulatory activity of the P2U-pur-
inoceptor on human airways suggests that this protein is an
important therapeutic target for diseases of the lung. Our re-
sults with UTPyS now place this uridine nucleotide analogue at
the forefront of molecules that could prove clinically useful
due to their activity at P2u-purinoceptors. In tests of P2U-
purinoceptor activity, UTPyS was equipotent to ATP and
UTP and was more potent than ATPyS. Its resistance to hy-
drolysis relative to ATP and UTP and its receptor selectivity
over ATPyS, which also activates P2Y-purinoceptors, are re-

markable. Thus, UTPyS is a unique P2u-purinoceptor agonist
based on its potency, P2U-over P2Y-receptor selectivity, and
stability in biological tissues.

NDPK-catalyzed transfer of thiophosphoryl groups be-
tween nucleosides has displaced lower yield chemical proce-
dures for preparation of radioactively labelled nucleoside y-
thiotriphophates, e.g. GTPyS (Goody et al., 1972). However,
UDP has been shown to be a poor substrate (Buczynski &
Potter, 1990) or an inhibitor (Seifert et al., 1988) of NDPK-
catalyzed reactions. Although chemical characterization and
confirmation of structure were not presented, Seifert et al. have
demonstrated that NDPK can be utilized to synthesize UTPyS
(Seifert et al., 1989). These investigators also found that this
uridine nucleotide analogue produced a concentration-depen-
dent potentiation of the effect of formyl methionyl leuncyl
phenylaltanine (fMLP) on superoxide formation in human
neutrophils. The selectivity of nucleotides for activation of this
response did not fit that subsequently delineated for P2u-pur-
incoeptors in neutrophils and other tissues (Dubyak & El-
Moatassim, 1993). However, the responses measured by Seifert
et al. (1989) were relatively complex and other work has clearly

established the presence of P2u-purinoceptors on neutrophils
(Cowen et al., 1989). Thus, the effects studied by Seifert et al.
most likely occurred through a P2u-purinoceptor.

Our results illustrate that UTPyS can be synthesized by a
simple procedure. In the presence of 30 u ml-' of NDPK and
near saturating initial concentrations of UDP (10 mM) and
GTPyS (2 mM), a 60-70% transfer of the y-thiophosphate to
UTPyS was obtained in a 20- 30 min incubation. Amounts of
UTPyS sufficient for detailed pharmacological studies can be
produced as can low quantities of radioactively-labelled com-
pound.

ATPyS heretofore has been the only hydrolysis resistant
agonist available for activation of P2U-purinoceptors (Lazar-
owski et al., 1995). The lower potency of ATPyS relative to
ATP usually observed at P2U-purinoceptors suggested that
thiol-substitution of the y-phosphate of UTP would result in a
molecule that was less potent than UTP. However, UTPyS
stimulated inositol phosphate formation in HP2U-1321N1
cells with a potency (EC50=240 nM) that was approximately
10 fold higher than the potency of ATPyS (EC50 = 1.72 uM)
and essentially the same as the potencies of ATP and UTP,
which previously were shown to be the most potent P2u-pur-
inoceptor agonists (Lazarowski et al., 1995). UTPyS is the first
nucleotide derivative to be shown to stimulate P2u-pur-
inoceptors with a potency similar to its natural congener. Our
data showing little or very weak effects of UTPyS on P2Y-
1321N1 cells, a cell line transfected with the avian P2Y-pur-
inoceptor (Filtz et al., 1994), indicate that UTPyS is selective
for the P2u-purinoceptor over the P2Y-purinoceptor. Although
not tested, UTPyS also is unlikely to be an agonist at P2x-,
P2T-, or P2Z-purinoceptors. It will be important to synthesize
and establish the potencies of other uridine nucleotide analo-
gues. For example, diuridine tetraphosphate may be a very
potent agonist at P2u-purinoceptors based on the potency of
UTPyS and on the higher potency of diadenosine tetrapho-
sphate relative to ATPyS on HP2U-1321N1 cells (Lazarowski
et al., 1995).
We reasoned that UTP and UTPyS labelled in the uridine

base would be useful molecules for examining the relative re-
sistance of these nucleotides to hydrolysis. By using hexokinase
to remove the y-phosphate of [3H]-UTP and h.p.l.c.-based re-
solution of products, highly purified [3H]-UDP was obtained
and subsequently used to synthesize [3H]-UTPyS. Phospha-
tases are a group of widely distributed enzymes that act on a
broad range of monoesters of orthophosphoric acid. Both al-
kaline phosphatase and acid phosphatase hydrolyze sulphur-
containing esters, although with different selectivity. Alkaline
phosphatase cannot hydrolyze 0-substituted monoesters of
phosphorothioic acids, e.g. nucleoside 5'-0-(2-thiodipho-
sphates) and nucleoside 5'-O-(3-thiotriphosphates). In con-
trast, acid phosphatase appears to require oxygen in the
linkage that is split (Dixon et al., 1979). Consistent with the
known activities of phosphatases, UTPyS was resistant to
hydrolysis by alkaline phosphatase, and although acid phos-
phatase hydrolyzed UTPyS, the rate was several thousand
times slower than that observed with UTP. In addition to re-
sults showing little or no breakdown of UTPyS by non-specific
phosphatases, the ATPase apyrase (0.1 u ml-'), which com-
pleteley hydrolyzed UTP in a 10 s incubation, had no effect on
UTPyS during a 20 min incubation.

Although it was important to show that UTPyS was re-
sistant to hydrolysis by various phosphatases or nucleotidases,
the most important analyses came in comparative studies of its
stability in the presence of tissue. Although UTP was meta-
bolized, UTPyS was unchanged after a prolonged incubation
in the presence of airway tissue. Taken together, these results
suggest that UTPyS is a poor substrate for phosphatases and
nucleotidases, and represents a P2U-purinoceptor agonist with
actions that should be long-lasting.

In summary, our data indicate that UTPyS is a non-
hydrolyzable nucleotide analogue that potently and selectively
activates the P2U-purinoceptor. The high potency of UTPyS
for promotion of Cl- secretion in primary cultures of CF
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nasal epithelial cells along with the high stability of
UTPyS relative to UTP on an airway cell surface strongly
suggest that UTPyS has considerable potential as a therapeutic
agent.

The authors are indebted to Dr Gregory Young, Department of
Biochemistry and Biophysics, UNC, for NMR analyses, to Dr

Theresa Filtz for providing P2Y-1321N1 cells, to Dr David Henke
for his useful advice on h.p.l.c., to Drs Jose L. Boyer and Robert A.
Nicholas for critical discussions, and to Brenda Lindsey Asam for
typing the manuscript. This work was supported by USPHS grants
HL32322 and GM38213.
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