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1 Radioligand binding assays have been used to determine the affinities of a series of ATP derivatives
with modifications of the polyphosphate chain, adenine and ribose moieties of the ATP molecule for
[3H]-z,P-methylene ATP ([3H]-a,P-MeATP) binding sites in rat urinary bladder.
2 The replacement of the bridging oxygen in the triphosphate chain of ATP (pIC50 = 5.58) with a

methylene or imido group markedly increased the affinity (691 fold in IC50 values for P,V-imidoATP, 15
fold for P,y-methylene ATP), and the replacement of an ionized oxygen on the Ty-phosphate with a

sulphur (ATPyS) also led to increased affinity (5623 fold in IC, values).
3 Modifications at N6, N', and C-8 positions on the purine base usually reduced the affinity of ATP (a
decrease of 2.8 fold in IC50 values for N6-methylATP and 8.9 fold for 8-bromo ATP), while the
attachment of an alkylthio group to the C-2 position greatly increased the affinity for P2x-purinoceptors
(from 3.5 to 98 fold increase in IC50 values).
4 Replacement of the 3'-hydroxyl group on the ribose with substituted amino or acylamino groups
produced more potent P2X-purinoceptor agonists (an increase of 447 fold in ICm values for 3'-deoxy-3'-
benzylamino ATP and 28 fold for 3'-deoxy-3'-(4-hydroxyphenylpropionyl)amino ATP.
5 Diadenosine polyphosphates (Ap[n]A) were also shown to displace the [3H]-a,4-MeATP binding. The
rank order of potency was Ap6A> ApSA> Ap4A>>Ap3A>>Ap2A.
6 Suramin, PPADS, and reactive blue 2 could competitively displace the binding of [3H]-oP-MeATP to
P2X-purinoceptors, with pIC50 values of 6.26, 5.35, and 6.22, respectively.

Keywords: P2x-purinoceptors; urinary bladder; [3H]-aop-methylene ATP; ATP derivatives; suramin; reactive blue 2; PPADS;
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Introduction

Recent years have witnessed a significant expansion in the
field of the physiological functions of extracellular purines.
ATP, ADP, adenosine and some other purine derivatives
were found to play the roles of neurotransmitter, co-
transmitter, and neuromodulator in various types of tissues
including both the central and peripheral nervous system
(Burnstock, 1993). The receptors which mediate the effects of
extracellular purines have been classified into two major
types, i.e., Pl- and P2-purinoceptors, mainly on the basis that
the principal endogenous ligands were adenosine and ATP,
respectively (Burnstock, 1978). P2-purinoceptors have been
further divided into P2X-, P2Y-, (Burnstock & Kennedy, 1985),
P2T-, P2z-purinoceptors (Gordon, 1986). Recently, some fur-
ther subtypes of P2-purinoceptors, P2U-, P2N-, have also been
proposed (for review see Abbracchio et al., 1993). The
classification of P2-purinoceptors was mainly based on the
rank order of potencies of a series of purine compounds in
evoking certain biological responses such as the contraction
or relaxation of smooth muscles. Therefore, researchers in
this field are concerned to develop more selective and more
potent agonists for each subtype of P2-purinoceptors, which
would provide further evidence for the classification. Such
work has been summarized by Cusack (1993).

P2X-purinoceptors are mainly located on smooth muscle,
where they mediate contraction. Recently, P2x-purinoceptors
have also been identified at neuro-neuronal synapses (Evans
et al., 1992; Edwards et al., 1992; Silinsky et al., 1992). In
early as well as more recent investigations, rodent urinary
bladder and vas deferens have been the two main organs
used for pharmacological studies on P2X-purinoceptors.
Many studies have been carried out to explore the structure-
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activity relationships of purine compounds to elicit the P2X-
purinoceptor-mediated contraction (Lukacsko & Krell, 1982;
Fedan et al., 1982; 1986; Welford et al., 1987; Howson et al.,
1988; Satchell, 1988). A lot of important information has
been obtained from these studies. However, some factors,
such as metabolic transformation and uptake of exo-
geneously applied ligands and the existence of multiple sub-
types of receptors, may significantly influence the results
from experiments on living tissues. Radioligand binding
assay, on the other hand, deals directly with the interaction
of a ligand and its receptors, offering an important tool to
determine the structure-affinity relationship between ligands
and receptors.

a,P-Methylene ATP is one of the most potent and
relatively selective agonists for P2X-purinoceptors. A few
years ago, the tritiated form [3H]-m,4-methylene ATP ([3H]-
a,,B-MeATP) was found to bind preferentially to P2X-
purinoceptors. The distribution of the binding sites is also in
accordance with the distribution of P2x-purinoceptors proven
by pharmacological experiments (Bo & Burnstock, 1990;
1993b). Displacement experiments using several purine com-
pounds showed that their rank order of potency in displacing
the binding was in good agreement with that obtained from
pharmacological experiments (Bo & Burnstock, 1990). Now
several other laboratories have also begun to employ this
radioligand to study P2x-purinoceptors (Michel & Humphrey,
1993).

Recently, many new ATP derivaties with modifications of
the triphosphate chain, purine base and the D-ribose have
been synthesized in Dr. Jacobson's laboratories in NIH (Fis-
cher et al., 1993; Burnstock et al., 1994). Functional studies
like in vitro recording of smooth muscle responses and P2y-
purinoceptor-promoted phospholipase C activity have shown
that some of the compounds are more potent and more
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selective or specific for either P2X- or P2Y-purinoceptors (Fis-
cher et al., 1993; Burnstock et al., 1994). In this study we
used [3H]-a,P-MeATP as a tool to examine the affinities of
these new purine compounds and some obtained commer-
cially for the P2X-purinoceptors in rat urinary bladder.
Several putative P2-purinoceptor antagonists and a UTP
derivative have also been tested. The results help to build up
a profile of the structure-affinity relationship of the P2-
purinoceptor ligands with the receptors, which may provide
some hints for the design of new P2X-purinoceptor-selective
compounds.

Methods

Male Wistar rats (200-250g) were killed by asphyxiation
with CO2. Urinary bladders were removed immediately and
placed in modified Krebs solution of the following composi-
tion (mM): NaCl 133, KCI 4.7, CaCI2 2.5, MgSO4 0.6,
NaHCO3 16.3, NaH2PO4 1.4, glucose 7.7, (pH 7.4). They
were trimmed free from surrounding adipose and connective
tissues, minced and homogenized in 10 volume of ice-cold
50 mM Tris/HCl buffer containing 1 mM EGTA, 1 mM ben-
zamidine hydrochloride, 0.1 mM phenylmethylsulphonyl
fluoride (PMSF), 0.01% (w/v) bacitracin, and 0.002% (w/v)
soybean trypsin inhibitors, pH 7.4 (buffer A), with a Polytron
PT-3000 (Kinematica, Switzerland) twice in 15 s bursts at
30,000r.p.m. The homogenate was centrifuged at 170g for
5 min at 4'C. The supernatant was passed through double
layers of nylon mesh and centrifuged at 105,000 g for 50 min
at 4°C. The pellets were washed and suspended in buffer A
and the protein content was determined by the method of
Peterson (1977).
For saturation assays, serial concentrations of [3H]-a,p-

MeATP (from 0.55 to 160 nM) were incubated with bladder
membrane preparations (about 30 fLg protein per assay tube)
in buffer A at 4'C for 120 min. At the end of the incubation
the assay tubes were put on ice and the reaction mixture was
rapidly filtered through a Whatman GF/B filter (presoaked in
20 mM disodium pyrophosphate solution) under vacuum.
The filters were washed with 2 aliquots of 5 ml ice-cold
50 mM Tris/HCl buffer, pH 7.4, dried under an infrared
lamp, and then the.radioactivity trapped in the filters was
measured in a Beckman SC61001 scintillation counter with
an efficiency of about 56 to 61%. Non-specific binding was
determined by including 100 M P,y-methylene ATP (p,-y-
MeATP) in the incubation mixture. The assay was carried
out in triplicate and each experiment was repeated five times.

Displacement experiments were carried out by incubating
the membrane preparations (about 30 pg proteins per assay
tube) with 10 nM [3H]-x,P-MeATP and serial concentrations
of an unlabelled ligand in buffer A at 4'C for 120 min (final
volume 0.5 ml). The other procedures were the same as those
for saturation assays.

Chemicals

[3H]-a,P-MeATP was custom-synthesized by Amersham Inter-
national plc. (Amersham, U.K.) with a specific activity of
19.2 Ci mmol-' and chemical purity of 98-99%. The names,
abbreviations, and sources of the non-labelled compounds
used in this study are listed in Table 1. The chemical struc-
tures of some of the compounds are shown in Figure 1.
Amongst the 50 compounds tested, all of them are putative
agonists for P2-purinoceptors except suramin, PPADS, and
RB-2, which are regarded as P2-purinoceptor antagonists.

Statistics

The data were expressed as mean ± standard error
(s.e.mean). The data were analysed with the computer pro-
gramme EBDA-LIGAND (Biosoft, Cambridge, UK) using
non-linear curve fitting (Munson & Rodbard, 1980). The one

or two binding site model was chosen based on the results of
an F test on the weighted sum of squares. Student's t test was
employed to compare the means of the pIC5o values. A P
value less than 0.05 was considered as significant.

Results

The specific binding of [3H]-a,4-MeATP to rat bladder mem-
brane preparations was saturable and reversible. Computer-
assisted non-linear least squares curve fitting of the binding
data revealed two affinity sites, with Kd of 6.8 ± 1.9 nm and
Bmu, of 9.4 ± 2.2 pmol mg-' protein (n = 5) for the high-
affinity sites, and Kd of 62.3 ± 18.8 nM and Bma,, of
47.5 ± 16.3 pmol mg-' protein (n 5) for the low-affinity
sites. The specific binding in the displacement experiments
was 6.9 ± 1.3 pmol mg' protein, and the non-specific bind-
ing (determined by 100 pM 3,y-MeATP) was about 10-15%
of the total binding. The data from the displacement
experiments have also been analysed with the computer pro-
gramme LIGAND for one or two binding site fitting. The
fittings for two binding sites were not significantly better than
the fitting for one binding site. The main reason for the
discrepancy with the two binding site fitting of the saturation
assay may be that these compounds have no selectivity for
the two affinity states of [3H]-a,4-MeATP binding sites in rat
bladder; therefore, near monophasic displacement curves
were produced.
As shown in Table 2 and Figure 2 the potencies of the

compounds tested in displacing the [3H]-o,P-MeATP binding
to P2x-purinoceptors in rat bladder vary significantly. In the
first group of compounds with modifications on the triphos-
phate chain, the rank order of potency was the same as
reported before (Burnstock & Kennedy, 1985), i.e., ATP
>ADP>>AMP>AD, suggesting that the binding sites are
P2-purinoceptors. Replacement of an ionized oxygen in the
triphosphate chain of ATP or the diphosphate group in ADP
by a sulphur (ATPyS, ATPaS, and ADPPS) led to an inc-
rease of the affinities for P2X-purinoceptors. ATP-yS displayed
the highest potency in displacing the binding of [3H]-a,p-
MeATP to P2x-purinoceptors amongst the compounds tested
in this study, which was about one thousand times higher
than those of ADPPS and ATPaS (P <0.001, Table 2, Figure
2a). However, the attachment of a big moiety to the phos-
phate at the 7-position like y-(l[2-nitrophenyl]ethyl)ester
(ATP-'?-E), did not significantly affect the affinity of ATP for
the receptor. Some other moieties like ramidate (ApR, and
AppR), morpholidate (ApM), and ribose (ADP-ribose), when
attached to the end phosphate of AMP or ADP, abolished or
significantly reduced (117 fold for ADP-ribose, P<0.001
compared with ADP) their potencies in displacing the [3H]-
ajB-MeATP binding to P2x-purinoceptors. Attachment of a
sulphate to the phosphate of AMP (AMP-SO4) markedly
increased its affinity for the receptors (407 fold in ICs values,
P<0.001).

In the group of compounds with the phosphate-linking
oxygen being replaced by methylene or imido, ,Ty-imidoATP
showed the highest affinity, followed by a3,-MeATP, ,y-
MeATP, and L-P,y-MeATP (Table 2, Figure 2b). oA-MeADP
was almost without effect on the binding. Cyclization of the
C-3' and C-5' of ,Ty-MeATP to form cAMPPCP abolished
the affinity of 1,y-MeATP for P2X-purinoceptors.
Sodium tetraphosphate (PPPP) was almost as potent as

ATP in displacing the binding, but sodium metatriphosphate
(mPPP), a cyclic triphosphate structure, was about 113 fold
less potent than the open chain triphosphate structure
(sodium tripolyphosphate).
For the dinucleotides the pattern was quite evident: the

longer the polyphosphate chain between the two adenosine
groups, the more potent the compound in displacing the
binding (Table 2, Figure 2c). The difference between the IC50
values of Ap6A and Ap2A is more than seven million times.
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Table 1 The full names, abbreviations, and -sources of the purine compounds and P2-purinoceptor antagonists used in this study
Abbreviation

ATP
ADP
AMP
AD
czP-MeATP
oct,-MeADP
13,y-MeATP
L-P,y-MeATP
cAMPPCP
P,y-lmidoATP
PPPP
mPPP
ATPyS
ATPxS
ATP-T-E
ADPPS
ApR
AppR
ApM
AMP-SO4
ADP-ribose
Ap6A
Ap5A
Ap4A
Ap3A
Ap2A
N-O-ATP
AAHeATP
8-BrATP
I ,N6-E-ATP
N6-MeATP
5-F-UTP
2-MeSATP
2-HeSATP
2-HexSADP
2-HexS-N6-MeATP
2-CyaHeSATP
2-CyaHeSAMP
2-cHeSATP
2-NPESAMP
2'd-ATP
3'd-ATP
2',3'dd-ATP
3'BH-NH-ATP

3'dBAATP
2',5'-ADP
2'3'-iPIAMP
PPADS
RB-2
Suramin

Name

Adenosine 5'-triphosphate
Adenosine 5'-diphosphate
Adenosine 5'-monophosphate
Adenosine
Adenosine 5'-(a,-methylene)triphosphate
Adenosine 5'-(a,-methylene)diphosphate
Adenosine 5'-(P,y-methylene)triphosphate
L-Adenosine 5'-(P,y-methylene)triphosphate
3',5'-cyclic adenosine 5'-(Py-methylene)triphosphate
Adenosine 5'-(P,y-imido)triphosphate
Sodium tetraphosphate
Sodium metatriphosphate
Adenosine 5'-O-(3-thiotriphosphate)
Adenosine 5'-O-(l-thiotriphosphate)
Adenosine 5'-triphosphate y-(I [2-nitrophenyl]ethyl)ester
Adenosine 5'-O-(2-thiodiphosphate)
Adenosine 5'-monophosphoramidate
Adenosine 5'-diphosphoramidate
Adenosine 5'-monophosphomorpholidate
Adenosine 5'-monophosphosulphate
Adenosine 5'-diphosphoribose
P',P6-diadenosine hexaphosphate
P',P5-diadenosine pentaphosphate
P',P4-diadenosine tetraphosphate
P',P3-diadenosine triphosphate
P',P2-diadenosine pyrophosphate
Adenosine-N'-oxide 5'-triphosphate
8-(6-aminohexyl)aminoadenosine 5'-triphosphate
8-Bromoadenosine 5'-triphosphate
I,N6-Ethenoadenosine 5'-triphosphate
N6-Methyladenosine 5'-triphosphate
5-Fluorouridine 5'-triphosphate
2-Methylthioadenosine 5'-triphosphate
2-Hexylthioadenosine 5'-triphosphate
2-(5-Hexenyl)thioadenosine 5'-diphosphate
2-(5-Hexenyl)thio-N6-methyladenosine triphosphate
2-(6-Cyanohexyl)thioadenosine 5'-triphosphate
2-(6-Cyanohexyl)thioadenosine 5'-monophosphate
2-Cyclohexylthioadenosine 5'-triphosphate
2-(2-p-Nitrophenylethyl)thioadenosine 5'-monophosphate
2'-deoxyadenosine 5'-triphosphate
3'-deoxyadenosine 5'-triphosphate
2',3'-dideoxyadenosine 5'-triphosphate
3'-deoxy-3'-(4-hydroxy-phenylpropionyl)aminoadenosine
5'-triphosphate
3'-deoxy-3'-benzylaminoadenosine 5'-triphosphate
Adenosine 2',5'-diphosphate
2',3'-isopropylidene adenosine 5'-monophosphate
Pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid
Reactive blue 2

Sigma: Sigma Chemicals UK Ltd., Poole, UK; RBI: Research Biochemicals Incorporated, Natick, USA; Bayer: Bayer AG UK Ltd.,
Strawberry Hill, Newbury, UK; NIH: Laboratory of Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney
Disease, Bethesda, U.S.A.; Lambrecht: Prof. Lambrecht, University of Frankfurt, Germany.

Modifications to the purine base of ATP molecule usually
lead to a reduction of ATP affinity for P2X-purinoceptors
except at the C-2 position (Table 2, Figure 2d). N-O-ATP,
1,N6-E-ATP, N6-MeATP, and 8-BrATP all showed reduced
affinities relative to ATP (in IC50 values: 2.8 fold for N-O-
ATP and N6-MeATP, 4.5 fold for I,N6-E-ATP, and 8.9 fold
for 8-BrATP), and their displacement curves were usually
rather steep (Hill coefficients nH from 1.67 to 2.15) (Figure 2)
except 8-BrATP, which has a nH of 0.7. AAHeATP has a
(6-aminohexyl)amino group attached to the C-8 position,
however, its potency was increased by 4.7 fold compared to
ATP (P<0.01). The attachment of a thioether group to the
C-2 position increased the affinity of ATP for P2X-
purinoceptors. The 2-hexylthio derivative 2-HeSATP pos-
sessed higher affinity than the 2-methylthio derivative 2-
MeSATP (Table 2). The addition of a cyano group at the
end of the hexyl chain of 2-HeSATP did not change its

affinity. However, cyclization of the hexyl chain did reduce
its potency by 6 times (P<0.01). The only UTP derivative
tested in this study, 5-F-UTP, showed a 10 fold lower affinity
for P2X-purinoceptors than that of ATP.

Modifications to the ribose of ATP molecule also pro-
duced some potent ligands (Table 2, Figure 2e). Attachment
of a large benzyl or phenylpropionyl moiety to the C-3'
position via an amino group (3'BH-NH-ATP and
3'dBAATP) significantly increased the affinity of ATP for
P2x-purinoceptors (28 and 447 fold, respectively, P<0.01).
3'd-ATP was about 4 fold more potent than 2'd-ATP in
displacing [3H]-mj-MeATP binding (P <0.05), while the
potency of 2',3'dd-ATP fell in-between those of 2'd-ATP and
3'd-ATP and close to that of ATP. The addition of a phos-
phate group at the C-2' position of AMP (2',5'-ADP)
significantly increased the affinity of AMP (9.3 fold in IC50
values).

Source

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Fisons
NIH
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
NIH
NIH
Sigma
NIH
NIH
RBI
NIH
NIH
NIH
NIH
NIH
NIH
NIH
Sigma
Sigma
Sigma
NIH

NIH
Sigma
NIH
Lambrecht
Sigma
Bayer



1154 X. BOetal.

NH;

ATP

NH;

OH O. aP MeATP

NH;

<IjN

CH;-O-P-O-P-CH%-N-o

AtL-,Y-MeATP
Oh ON

O~~~~~ N~~~~
*I N~

/ AMP-SO4
OH Om

0 /!\/ O

NO PPP

CHN-NH

0-o-O-P- -P-O-Cryo.010 0 0 <7

\v-Y 2-HexS-N6-MeATP
OH Oh

N,

OLOC) O /S-CH2-CH2 14o2
0-P-0.-CN 0 C,

0 ~-;N 2-NPESAMP
Oh Oh

NH2

"0 0 0 (X)
I___ I _--HI N

mm ON

INO

CH2

,3BH-NH-ATP

OH

RB-2

S3OP SO03NS O IN so. !tl

NH SOP- S03NO NH
NO N 0

-N <0N

Suramin

O0 H

OPO3H2

O, N |I S3H

N ~ N

PsAH

PPADS

3'dBAATP

Figure 1 Chemical structures of the ATP derivatives and the P2-punnoceptor antagonists.

Among the three putative P2-purinoceptor antagonists,
suramin and RB-2 were nearly equipotent in displacing the
binding of [3H]-,-MeATP. PPADS was about 7-8 times
less potent in displacing the binding than suramin or RB-2
(Table 2). The displacement curve of RB-2 was rather steep
(nH= 1.46), while suramin and PPADS showed flatter sig-
moid curves (nH = 0.61 and 0.85, respectively) (Figure. 2f).

Discussion

Studies on structure-activity relationship have shown that the
triphosphate group in ATP molecule is responsible for the
efficacy in activating P2x-purinoceptors while the purine base
and the D-ribose are associated with affinity (Lukacsko &
Krell, 1982; Fedan et al., 1986; Welford et al., 1987; Howson
et al., 1988). Results from binding studies indicate that the
triphosphate chain in the ATP molecule is also the key
structure responsible for the affinity for P2x-purinoceptors
(Bo & Burnstock, 1993a). In this study, 46 newly synthesized
or commercially available purine compounds with modi-
fications at different positions of ATP, and one UTP
analogue were tested, and remarkable differences in the

affinities of the compounds for P2x-purinoceptors have been
observed.

First the compounds which are commonly used to distin-
guish PI-, P2-, P2X-, and P2Y-purinoceptors were examined
again, since the experimental conditions in this study were
different from those reported in a previous paper (Bo &
Burnstock, 1990). Divalent cations can facilitate the degrada-
tion of ATP and its derivatives and influence the interaction
of purine compounds with P2X-purinoceptors (Bo & Burn-
stock, 1990); therefore, the incubation in this study was
carried out in a media free of exogenous divalent cations and
in the presence of 1 mM EGTA at 4°C. Such changes pro-
duced a significant increase in the potencies of the purine
nucleotides for displacing the [3H]-a,P-MeATP binding to
P2x-purinoceptors. For a,-MeATP, P,y-MeATP, ATP and
ADP, 10 to 12 fold increases in IC50 values were noted. The
ICWm value of suramin was increased by 4 times, while the
ICWm value of 2-MeSATP was increased by 127 times. The
order of potency of these compounds is: x,P-MeATP>P,
7-MeATP > 2-MeSATP > ATP > ADP >> AMP >> AD,
which indicates that the [3H]-a,P-MeATP binding sites under
these experimental conditions still conform to the criteria for
P2x-purinoceptors according to Burnstock & Kennedy (1985).
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Table 2 The pIC50 values and Hill coefficients of
purinoceptor ligands in displacing the binding of
[3H]-a,p-methylene ATP to rat urinary bladder membranes

Ligand

A TP and triphosphate
ATP
ADP
AMP
AD
a,P-MeATP
a,P-MeADP
1,T-MeATP
L-P,y-MeATP
cAMPPCP
P,T-ImidoATP
PPPP
mPPP
ATPTS
ATPoxS
ATP-y-E
ADPPS
ApR
AppR
ApM
AMP-SO4
ADP-ribose
Ap6A
Ap5A
Ap4A
Ap3A
Ap2A

Base modification
N-O-ATP
AAHeATP
8-BrATP
I ,N6-E-ATP
N6-MeATP
5-F-UTP
2-MeSATP
2-HeSATP
2-HexSADP
2-HexS-N6-MeATP
2-CyaHeSATP
2-CyaHeSAMP
2-cHeSATP
2-NPESAMP

Ribose modification
2'd-ATP
3'd-ATP
2',3'dd-ATP
3'BH-NH-ATP
3'dBAATP
2'5'-ADP
2'3'-iPIAMP

Antagonists
PPADS
RB-2
Suramin

pIc50

modification
5.58 0.17
5.32 0.24
4.09 0.45
>3.00
8.03 ± 0.11
>3.00
6.75 0.04
5.68 0.15
>2.00
8.42 0.03
5.56 0.09
2.98 0.09
9.33 0.23
6.39 0.36
5.41 0.05
6.41 ±0.12
>2.00
>2.00
>2.00
6.70± 0.13
3.25 0.01

8.88 0.07
8.05 0.14
7.57 0.27
5.16± 0.06
>2.00

5.14 0.07
6.25 0.15
4.63± 0.21
4.93 0.03
5.14 0.11
4.60 0.01
6.33 0.17
7.57 0.24
6.01 ±0.17
6.13 0.15
7.24 0.13
4.34± 0.18
6.79 0.23
5.42 0.14

5.28± 0.08
5.92 0.11

5.70 0.14
7.03 0.23
8.23 0.19
5.06 0.05
5.33 0.25

5.35 0.17
6.22± 0.04
6.26 0.07

0.85 0.11
0.90 0.13
1.41 0.21

0.97 0.05

1.07± 0.05
0.67 0.11

0.94 0.20
0.87 0.08
1.49 0.65
0.90 0.04
1.05 0.04
1.19 0.12
0.90 0.11

1.62 0.07
1.12 0.02
0.71 ±0.06
0.96 0.03
0.76 0.06
0.95 0.10

1.76 0.21
1.04 0.09
0.70 0.23
1.67 0.38
2.15 0.13
1.61 0.09
0.71 0.12
0.83 0.04
0.72 0.16
0.72 0.22
0.96 0.10
1.37 0.16
1.06 0.12
0.81 ±0.11

1.68 0.22
1.11 ±0.13
1.14 0.20
0.76 0.10
1.12 0.05
0.59 0.05
0.60 0.09

0.85 0.08
1.46 0.20
0.61 0.09

It should also be mentioned that the Hill coefficients for the
displacement curves of ATP and ADP have been reduced
greatly (from 1.53 to 0.85 for ATP, and from 1.45 to 0.90 for
ADP). The reason may be that the degradation of ATP and
ADP had been inhibited under the experimental conditions
used in this study so their effects at lower concentrations
were revealed.
As has been reported by many researchers, the replacement

of the bridging oxygen between the phosphates in ATP
molecule with methylene or imido leads to an increase in the
potency in activating P2X-purinoceptors (Brown et al., 1979;
Lukacsko & Krell, 1982; Fedan et al., 1982; 1986; Welford et
al., 1987; Howson et al., 1988). a,P-MeATP, ,Ty-MeATP, and
j,y-imidoATP all showed higher affinity for P2x-purino-

ceptors than ATP. It was thought that xP-MeADP would be
more potent than ADP in displacing the binding of [3H]-o~-
MeATP to P2X-purinoceptors. m,P-MeADP, however, dis-
played almost no affinity for P2X-purinoceptors. Results from
pharmacological experiments also showed that aP-MeADP
produced lesser responses than ADP, and the characteristics
of the responses are different from either those of ADP or
those of x,43-MeATP (Fedan et al., 1982), suggesting a
different mechanism was involved. o,4-MeADP has been
reported to be an inhibitor of ectonucleotidases (Bruns,
1980).
The L-enantiomer of P,T-MeATP has been reported to be

more selective for P2X-purinoceptors and to be more resistant
to dephosphorylation (Cusack et al., 1987; Welford et al.,
1987). However, the potency of L-P,y-MeATP in activating
P2X-purinoceptors was much less than P,T-MeATP, and about
equipotent with ATP (Welford et al., 1987). This is in agree-
ment with the binding results, which indicate that the IC50
value of L-P,y-MeATP is 11 times higher than that of P,V-
MeATP (P <0.01) and nearly equal to that of ATP
(P> 0.05). Another modification of P,y-MeATP, cyclization
of C-2' and C-5' of the ribose (cAMPPCP), totally abolished
the affinity of PT-MeATP for P2x-purinoceptors. This
phenomenon may be due to a significant change of confor-
mation caused by the cyclization, thus, cAMPPCP may be
unable to fit into the binding pocket. Pharmacological
experiments proved that cAMPPCP activates neither P2x- nor
P2Y-purinoceptors (Burnstock et al., 1994).
The replacement of an ionized oxygen on the phosphate

chain of ATP or ADP by a sulphur atom produces ATPyS,
ATPaS, and ADPPS. These compounds showed enhanced
affinities for P2X-purinoceptors relative to ATP. It seems that
the position of the sulphur on the phosphate chain is a
determinant for the affinity. Thus, the y-sulphur derivative,
ATPyS, was a thousand times more potent than the a-
sulphur derivative, ATPaS. Pharmacological experiments also
showed that ATPyS was far more potent than ATP in
eliciting contraction of guinea-pig bladder (Fedan et al.,
1982) and cat bladder (Theobald, 1992). However, this com-
pound is weaker when compared to f,y-MeATP and P,y-
imidoATP (Fedan et al., 1982), which may be due to its
non-selectivity for P2,X- and Py-purinoceptors; the latter may
mask the P2X-purinoceptor-mediated responses in in vitro
recording experiments. The attachment of a large group like
a [1-(2-nitrophenyl)ethyl]ester at the y-position did not affect
the affinity of ATP for PFx-purinoceptors. However, attach-
ment of a large group like ribose, ramidate, or morpholidate
to the terminal phosphate group of AMP or ADP
significantly reduced the affinities (ADP ribose), or totally
abolished their affinities (ApR, AppR, ApM) for P2,X-
purinoceptors suggesting the property of the substituting
group or atom is also a determinant for the affinity. These
phenomena have also been observed in pharmacological
experiments (Fedan et al., 1982; 1986; Hoyle & Edwards,
1992). AMP-SO4, a compound with a sulphate attached to
the terminal phosphate of AMP, displayed a much higher
affinity for P2X-purinoceptors than ATP. However, in phar-
macological experiments AMP-SO4 was less potent than ATP
in eliciting the contraction of guinea-pig vas deferens (Fedan
et al., 1982). It is unclear whether this discrepancy is due to a
difference in the P2X-purinoceptors in guinea-pig vas deferens
versus rat urinary bladder, or because this compound is a
partial agonist. The Hill coefficient of AMP-SO4 displace-
ment curve was significantly higher than unity which sup-
ports the assumption that another mechanism may be
involved.

In a previous experiment we observed that sodium triphos-
phate displaces the binding of [3H]-oj-MeATP to rat bladder
with a potency nearly equal to that of ATP (Bo & Burn-
stock, 1993a). In the present study a similar effect was
observed in the displacement experiment with sodium tetra-
phosphate. Sodium metatriphosphate, a-cyclic structure of
triphosphate, was much less potent than triphosphate in
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Figure 2 Displacement of ['H]-o,-methylene ATP binding to rat urinary bladder membranes by ATP derivatives and the
P2-purinoceptor antagonists. Rat urinary bladder membrane preparations were incubated with about 10nM [3H]-aj-methylene
ATP in the presence of the unlabelled ligand at 40C for 2 h. (a) (0) ATP, (0) ADPPS, (A) ATPoS, (A) ATPyS; (b) (0)
a,-MeATP. (0) 1,y-imidoATP, (A) P,y-MeATP, (A) L-P,'-MeATP, (e) aP-MeADP; (c) (0) Ap6A, (0) Ap5A, (A) Ap4A, (A)
Ap3A, (-) Ap2A; (d) (0) 2-MeSATP, (0) 2-CyaHeSATP, (A) 2-HexS-N6-MeATP, (A) 1,N6-E-ATP; (e) (0) 3'dBAATP, (0)
3'BH-NH-ATP, (A) 3'd-ATP, (A) 2'd-ATP; (f) (0) RB-2, (0) PPADS, (A) suramin. The points are the means with s.e.mean of
five triplicated experiments.

displacing (3H1-a,-MeATP binding, suggesting that the
triphosphate group in ATP molecule has to be a chain
structure.
a,w-Adenine dinucleotide polyphosphates have been found

to exist in many mammalian tissues like hepatocytes
(Rapaport & Zamecnik, 1976), adrenal medullary chromaffin
granules (Rodriguez-del-Castillo et al., 1988), and platelets
(Liithje & Ogilvie, 1983), which can be released upon
stimulation. Their physiological function is unclear at pres-
ent. Possible roles as neurotransmitters, cotransmitters, or
trophic factors have been suggested (Hoyle, 1990). In
pharmacological experiments these compounds have been

reported to activate both P2X- and P2y-purinoceptors (Stone,
1981; Busse et al., 1988; Busshardt et al., 1989; Stone &
Paton, 1989; Hoyle et al., 1989; Pintor et al., 1991). The
binding results from the present study demonstrated a clear
order of affinities associated with the length of the polyphos-
phate chain linking the two adenosine moieties:
Ap6A> Ap5A> Ap4A> > Ap3A> > Ap2A. This is in
agreement with the results from pharmacological experiments
which showed that Ap6A and Ap5A are as potent as ap-
MeATP in eliciting constrictions of guinea-pig vas deferens
(MacKenzie et al., 1988) and human urinary bladder (Hoyle
et al., 1989), and more potent than 1,B-MeATP in guinea-pig
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urinary bladder (Stone, 1981). Therefore, it is possible that
diadenine nucleotides may have a role as endogenous ligands
for P2X-purinoceptors as well as for their own specific recep-
tors.
ATP derivatives with various modifications on the purine

base have also been tested pharmacologically. These com-
pounds, like N6-phenyl ATP, N6-MeATP, 8-BrATP, 8-
azidoATP, N-O-ATP, 1,N6-E-ATP, and formacyn-ATP,
usually have diminished efficacy at P2x-purinoceptors (Fedan
et al., 1982; 1986; Welford et al., 1987; Howson et al., 1988).
In this study, N-O-ATP, 8-BrATP, and N6-MeATP showed
lower affinities for P2 -purinoceptors than ATP, and their
displacement curves were usually steep (with Hill coefficients
significantly higher than unity except 8-BrATP), which sug-
gests that their interaction with P2X-purinoceptors may be
different from those typical P2X-purinoceptor agonists like
Mj-MeATP and P,y-MeATP. AAHeATP is an exception in
this group of compounds. It did not show any agonist
activity at the P2x-purinoceptors in guinea-pig bladder and
vas deferens, and rabbit saphenous artery (Burnstock et al.,
1994), yet its potency was 5 times higher than that of ATP. It
is possible that this compound possesses some antagonistic
property at P2x-purinoceptors.
So far the only position on the purine base where

modification can produce potent P2-purinoceptor agonists is
the C-2. 2-MeSATP has been known for a long time to be a
potent P2y-purinoceptor agonist (Gough et al., 1973; Satchell
& Maguire, 1975; Burnstock et al., 1983) although it can also
activate P2x-purinoceptors at a higher concentration (How-
son et al., 1988; Theobald, 1992). Further modifications on
the C-2 position produced 2-HeSATP, 2-CyaHeSATP, 2-
phenylethylthio ATP, and 2-(2-p-nitrophenylethyl)thio ATP,
which did not show significantly increased efficacy on P2Y-
purinoceptors, while the potency on P2x-purinoceptors have
been greatly enhanced (Fischer et al., 1993). Binding results
from the present experiments showed that both 2-HeSATP
and 2-CyaHeSATP had significantly higher potencies than
2-MeSATP (P <0.01). Cyclization of the hexyl group (2-
cHeSATP) reduced the affinity of 2-HeSATP slightly. Addi-
tion of a methyl group at the N6-position of 2-HexSATP
(2-HexS-N6-MeATP) reduced its affinity for P2X-purino-
ceptors by 28 times. Pharmacological experiments showed
that this compound had a higher selectivity for P2y-pur-
inoceptors than 2-HexSATP (Fischer et al., 1993). Taken
together the observation that N6-MeATP was selective for
P2Y-purinoceptors in guinea-pig taenia coli and inactive at
P2x-purinoceptors, suggested that the combination of the N6
and C-2 modification may produce more selective and more
potent agonists for P2y-purinoceptors (Fischer et al., 1993).
5-F-UTP, like UTP (pIC50= 4.67, Bo & Burnstock,

1993a), was not very potent in displacing the [3H]-a,-
MeATP binding to P2X-purinoceptors in rat bladder. How-
ever, in pharmacological experiments, it was very potent in
inducing contraction of guinea-pig bladder detrusor (Burn-
stock et al., 1994). Such response to 5-F-UTP may be
mediated by the putatively termed P2U-purinoceptors or
'pyrimidinoceptor' (Seifert & Schultz, 1989).

Modification on the ribose of ATP molecule also produced
some compounds which displayed different potencies at P2X-
purinoceptors. Early pharmacological studies showed that
the removal of the 2'-hydroxyl group of ATP led to a
reduced potency for P2x-purinoceptors, while removal of the
3'-hydroxyl group led to a slight increase in potency (Fedan
et al., 1982; 1986; Howson et al., 1988). Such observations
have been confirmed by the present experiments, showing
3'd-ATP had a potency about 4 fold higher than that of
2'd-ATP. Attachment of a (4-hydroxyphenylpropionyl)amino
group at the C-3' position of 3'd-ATP (3'BH-NH-ATP)
significantly enhanced the potency of 3'd-ATP in displacing
the [3H]-x,4-MeATP binding to P2X-purinoceptors. Another
3'd-ATP derivative which has a benzylamino group attached
to the C'-3 position (3'dBAATP) was shown to be very
potent in activating P2x-purinoceptors in guinea-pig vas

deferens and urinary bladder, while it was devoid of efficacy
for P2Y-purinoceptors (Burnstock et al., 1994). Displacement
experiments showed this compound had a very high affinity
for P2X-purinoceptors. Therefore, the replacement of the 3'-
hydroxyl group with other specific groups does open a new
area to search for more selective and more potent P2X-
purinoceptor agonists.
The development of specific antagonists for P2-purin-

oceptors has not been so fruitful. For many years RB-2 has
been used as an antagonist for P2Y-purinoceptors (Kerr &
Krantis, 1979) and suramin for P2x-purinoceptors (Dunn &
Blakeley, 1988). It was later found that their selectivity for
either P2Y- or P2x-purinoceptor is not high (Choo, 1980;
Fedan & Lamport, 1990; Hoyle et al., 1990). PPADS has
recently been reported as an antagonist for P2x-purinoceptors
(Lambrecht et al., 1992). In this study, all three compounds
could competitively displace the [3H]-aj-MeATP binding to
rat bladder membranes (Figure 2f), however, the Hill
coefficient of the RB-2 displacement curve was much higher
than those of suramin and PPADS. The reason for such
differences is unclear at present. It should be mentioned that
in another similar experiment carried out on rabbit urinary
bladder membranes PPADS was shown to interact with two
affinity states of [3H]-*,P-MeATP binding sites with Ki values
of 22 nM and 48 JM, respectively (Ziganshin et al., 1993),
while in rat bladder membranes the one binding site model
was preferred, which indicates that the properties of [3H]-a,p-
MeATP binding sites in rabbit and rat urinary bladder are
somewhat different.

In this study, the order of potency of most of the ligands
tested is in agreement with that obtained from pharma-
cological experiments. However, one question that may be
raised is why the Ki values of many potent P2x-purinoceptor
agonists are in the nanomolar range, while their ECm values
in eliciting contractile responses in smooth muscle are in the
micromolar range? Ideally, the pharmacology of the binding
should correlate quantitatively with the pharmacology of
receptor-mediated effects. In practice, such quantitative cor-
relation is difficult to achieve, especially when agonists are
used as radioligands (Ehlert et al., 1984; Burt, 1985), because
of some unknown sequence of events between agonist recep-
tor occupation and measured pharmacological responses. A
pharmacological response depends on transmitter-receptor-
effector coupling, while the binding assay only deals with
transmitter-receptor interaction. The influence of environ-
mental factors also have important implications in the
interpretation of agonist binding data. Pharmacological
experiments on the P2x-purinoceptor-mediated responses
were carried out on intact tissues or cells in the presence of
divalent cations at 37C, while the binding assays were per-
formed on separated membranes in Ca2"-free media in the
presence of EGTA at 4°C. For many P2x-purinoceptor-active
agonists, the situation is more complicated because accurate
EC50 values are difficult to obtain due to their ability to
desensitize the receptor. A proportion of P2x-purinoceptors
would be turned into an inactive state after exposure to these
agonists, while the pharmacological responses can only be
displayed by the receptors in their active state. The rapid
degradation of some of the agonists by the ectonucleotidases
abundantly present on the cell membranes may partially
account for their low efficacy in activating P2x-purinoceptors.

In conclusion, modifications on the triphosphate chain,
adenine and ribose of ATP molecules can significantly
change the affinity of ATP for P2x-purinoceptors in rat
urinary bladder. The replacement of the bridging oxygen in
the triphosphate chain with a methylene or imido group
markedly increased the affinity and selectivity, and the
replacement of an ionized oxygen on the y-phosphate with a
sulphur also leads to increase of affinity. Modifications at N6,
N', and C-8 positions on the purine base usually reduces the
affinity of ATP, while the attachment of an alkylthio group
to the C-2 position greatly increases the affinity for P2X-
purinoceptors. Replacement of 3'-hydroxyl group on the



1158 X. BO et al.

ribose with some specific groups produces more potent P2X-
purinoceptor agonists. Suramin, PPADS, and RB-2 can com-
petitively displace the binding of [3H]-a,4-MeATP for P2X-
purinoceptors, but their affinities are moderate.

We are grateful to Dr C.H.V. Hoyle for his critical comments on this
study. Dr D. Christie is thanked for her help in the preparation of
the manuscript. The work was supported by the British Heart
Foundation.

References

ABBRACCHIO, M.P., CATTABENI, F., FREDHOLM, B.B. & WIL-
LIAMS, M. (1993). Purinoceptor nomenclature: a status report.
Drug Dev. Res., 28, 207-213.

BO, X. & BURNSTOCK, G. (1990). High- and low-affinity binding sites
for [3H]-a,p-methylene ATP in rat urinary bladder membranes.
Br. J. Pharmacol., 101, 291-296.

BO, X. & BURNSTOCK, G. (1993a). Tripolyphosphate, the key struc-
ture of the ATP molecule responsible for the interaction with
P2x-purinoceptors. Gen. Pharmacol., 24, 637-640.

BO, X. & BURNSTOCK, G. (1993b). Heterogeneous distribution of
[3H]-oj-MeATP binding sites in blood vessels from rat, guinea-
pig, and rabbit. J. Vasc. Res., 30, 87-101.

BROWN, C., BURNSTOCK, G. & COCKS, T. (1979). Effects of
adenosine 5'-triphosphate (ATP) and Py-methylene ATP on the
rat urinary bladder. Br. J. Pharmacol., 65, 97-102.

BRUNS, R.F. (1980). Adenosine receptor activation by adenine
nucleotides requires conversion of the nucleotides to adenosine.
Naunyn-Schmied. Arch. Pharmacol., 315, 5-13.

BURNSTOCK, G. (1978). A basis for distinguishing two types of
purinergic receptor. In Cell Membrane Receptors for Drugs and
Hormones: A Multidisciplinary Approach. ed. Straub, R.W. &
Bolis, L. pp. 107-118, New York: Raven Press.

BURNSTOCK, G. (1993). Physiological and pathological roles of
purines: an update. Drug Dev. Res., 28, 195-206.

BURNSTOCK, G., CUSACK, N.J., HILLS, J.M., MACKENZIE, I. &
MEGJI, P. (1983). Studies of the stereoselectivity of the P2-
purinoceptor. Br. J. Pharmacol., 79, 907-913.

BURNSTOCK, G., FISCHER, B., HOYLE, C.H.V., MAILLARD, M.,
ZIGANSHIN, A.U., BRIZZOLARA, A.L., VON ISAKOVICS, A.,
BOYER, J.L., HARDEN, T.K. & JACOBSON, K.A. (1994). Structure
activity relationships for derivatives of adenosine-5'-triphosphate
as agonists at P2 purinoceptors: heterogeneity within P2x and P2y
subtypes. Drug Dev. Res., 31, 206-219.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for distin-
guishing two types of P2-purinoceptor? Gen. Pharmacol., 5,
433-440.

BURT, D.R. (1985). Criteria for receptor identification. In Neurotrans-
mitter Receptor Binding. ed. Yamamura, H.I., Enna, S.J. &
Kuhar, M.J. pp. 41-60. New York: Raven Press.

BUSSE, R., OGILVIE, A. & POHL, U. (1988). Vasomotor activity of
diadenosine triphosphate and diadenosine tetraphosphate in
isolated arteries. Am. J. Physiol., 254, H828-H832.

BUSSHARDT, E., GEROK, W. & HAUSSINGER, D. (1989). Regulation
of hepatic parenchymal and non-parenchymal cell function by the
diadenine nucleotides Ap3A and Ap4A. Biochim. Biophys. Acta,
1010, 151-159.

CHOO, L.K. (1980). The effect of reactive blue 2, an antagonist of
ATP, on the isolated urinary bladders of guinea-pig and rat. J.
Pharm. Pharmacol., 33, 248-250.

CUSACK, N.J. (1993). P2-Receptors: subclassification and structure-
activity relationships. Drug Dev. Res., 28, 244-252.

CUSACK, N.J., HOURANI, S.M.O., LOIZOU, G.D. & WELFORD, L.A.
(1987). Pharmacological effects of isopolar phosphonate
analogues of ATP on P2-purinoceptors in guinea-pig taenia coli
and urinary bladder. Br. J. Pharmacol., 90, 791-795.

DUNN, P.M. & BLAKELEY, A.G.H. (1988). Suramin: a reversible
P2-purinoceptor antagonist in the mouse vas deferens. Br. J.
Pharmacol., 93, 243-245.

EDWARDS, F.A., GIBB, A.J. & COLQUHOUN, D. (1992). ATP
receptor-mediated synaptic currents in the central nervous
system. Nature, 359, 144-147.

EHLERT, F.J., ROESKE, W.R. & YAMAMURA, H.I. (1984). Muscarinic
receptor [3H]ligand binding methods. In Brain Receptor
Methodologies, Part A: General Methods and Concepts. Amines
and Acetylcholine. ed. Marangos, P.J., Campbell, I.C. & Cohen,
R.M. pp. 339-355. Orlando: Acadamic Press.

EVANS, R.J., DERKACH, V. & SURPRENANT, A. (1992). ATP
mediates fast synaptic transmission in mammalian neurons.
Nature, 357, 503-505.

FEDAN, J.S., HOGABOOM, G.K. & O'DONNELL, J.P. (1986). Further
comparison of contractions of the smooth muscle of the guinea-
pig isolated vas deferens induced by ATP and related analogs.
Eur. J. Pharmacol., 129, 279-291.

FEDAN, J.S., HOGABOOM, G.K., WESTFALL, D.P. & O'DONNELL, J.P.
(1982). Comparison of contractions of the smooth muscle of the
guinea-pig vas deferens induced by ATP and related nucleotides.
Eur. J. Pharmacol., 81, 193-204.

FEDAN, J.S. & LAMPORT, S.J. (1990). P2-Purinoceptor antagonists.
Ann. N.Y. Acad. Sci., 603, 182-197.

FISCHER, B., BOYER, J.L., HOYLE, C.H.V., ZIGANSHIN, A.U., BRIZ-
ZOLARA, A.L., KNIGHT, G.E., ZIMMET, J., BURNSTOCK, G.,
HARDEN, T.K. & JACOBSON, K.A. (1993). Identification of
potent, selective P2y-purinoceptor agonists: structure activity rela-
tionships for 2-thioether derivatives of adenosine-5'-triphosphate.
J. Med. Chem., 7, 407-409.

GORDON, J.L. (1986). Extracellular ATP: effects, sources and fate.
Biochem. J., 233, 309-319.

GOUGH, G.R., MAGUIRE, M.H. & SATCHELL, D.G. (1973). Three
new adenosine-triphosphate analogs. Synthesis and effects on
isolated gut. J. Med. Chem., 16, 1188-1190.

HOWSON, W., TAYLOR, E.M., PARSONS, M.E., NOVELLI, R., WILC-
ZYNSKA, M.A. & HARRIS, D.T. (1988). Synthesis and biological
evaluation of ATP analogues acting at putative purinergic P2X-
receptor (on the guinea-pig bladder). Eur. J. Med. Chem., 23,
433-439.

HOYLE, C.H.V. (1990). Pharmacological activity of adenine
dinucleotides in the periphery: possible receptor classes and trans-
mitter function. Gen. Pharmacol., 21, 827-831.

HOYLE, C.H.V., CHAPPLE, C. & BURNSTOCK, G. (1989). Isolated
human bladder: evidence for adenine dinucleotide acting on P2X-
purinoceptors and for purinergic transmission. Eur. J. Phar-
macol., 174, 115-118.

HOYLE, C.H.V. & EDWARDS, G.A. (1992). Activation of P1- and
P2y-purinoceptors by ADP-ribose in the guinea-pig taenia coli,
but not of P2x-purinoceptors in the vas deferens. Br. J. Phar-
macol., 107, 367-374.

HOYLE, C.H.V., KNIGHT, G.E. & BURNSTOCK, G. (1990). Suramin
antagonizes responses to P2-purinoceptor agonists and purinergic
nerve stimulation in the guinea-pig urinary bladder and taenia
coli. Br. J. Pharmacol., 99, 617-621.

KERR, D.I.B. & KRANTIS, A. (1979). A new class of ATP antagonist.
Proc. Austr. Physiol. Pharmacol. Soc., 10, 156P.

LAMBRECHT, G., FRIEBE, T., GRIMM, U., WINDSCHEIF, U., BUN-
GARDT, E., HILDEBRANT, C., BAUMERT, H.G., SPATZ-KOMBEL,
G. & MUTSCHLER, E. (1992). PPADS, a novel functionally selec-
tive antagonist of P2 purinoceptor-mediated responses. Eur. J.
Pharmacol., 217, 217-219.

LUKACSKO, P. & KRELL, R.D. (1982). Response of the guinea-pig
urinary bladder to purine and pyrimidine nucleotides. Eur. J.
Pharmacol., 80, 401-406.

LOTHJE, J. & OGILVIE, A. (1983). The presence of diadenosine 5',5"'-
P',P3-triphosphate (Ap3A) in human platelets. Biochem. Biophys.
Res. Commun., 115, 253-260.

MACKENZIE, I., KIRKPATRICK, K.A. & BURNSTOCK, G. (1988).
Comparative study of the actions of APSA and aj-methylene
ATP on nonadrenergic, noncholinergic neurogenic excitation in
the guinea-pig vas deferens. Br. J. Pharmacol., 94, 699-706.

MICHEL, A.D. & HUMPHREY, P.P.A. (1993). Distribution and charac-
terisation of [3Hxa,p-methylene ATP binding sites in the rat.
Naunyn-Schmied. Arch. Pharmacol., 348, 608-617.

MUNSON, P.J. & RODBARD, D. (1980). LIGAND: a versatile com-
puterised approach for characterization of ligand-binding system.
Anal. Biochem., 107, 220-239.

PETERSON, G.L. (1977). A simplification of the protein assay method
of Lowry et al. which is more generally applicable. Anal.
Biochem., 83, 346-356.



AFFINITIES OF P2X-PURINOCEPTOR-ACTIVE COMPOUNDS 1159

PINTOR, J., TORRES, M., CASTRO, E. & MIRAS-PORTUGAL, M.T.
(1991). Characterization of diadenosine tetraphosphate (Ap4A)
binding sites in cultured chromaffin cells: evidence for a P2y site.
Br. J. Pharmacol., 103, 1980-1984.

RAPAPORT, E. & ZAMECNIK, P.C. (1976). Presence of diadenosine
5',5"'-P',P4-tetraphosphate (AP4A) in mammalian cells in levels
varying widely with proliferative activity of the tissue: a possible
positive pleiotypic activator. Proc. Nadl. Acad. Sci. U.S.A., 73,
3984-3988.

RODRIGUEZ-DEL-CASTILLO, A., TORRES, M., DELICADO, F.G. &
MIRAS-PORTUGAL, M.T. (1988). Subcellular distribution studies
of diadenosine polyphosphates - Ap4A and Ap5A - in bovine
adrenal medulla: presence in chromaffin granules. J. Neurochem.,
51, 624-627.

SATCHELL, D.G. (1988). Differences in the structure requirements for
agonist properties at P1 and P2 receptors in smooth muscle. In
Adenosine and Adenine Nucleotides: Physiology and Phar-
macology. ed. Paton, D.M. pp. 85-92, London: Taylor & Fran-
cis.

SATCHELL, D.G. & MAGUIRE, M.H. (1975). Inhibitory effects of
adenine nucleotides analogs on the isolated guinea-pig taenia coli.
J. Pharmacol. Exp. Ther., 195, 540-548.

SEIFERT, R. & SCHULTZ, G. (1989). Involvement of pyrimidinocep-
tors in the regulation of cell functions by uridine and uracil
nucleotides. Trends Pharmacol. Sci., 10, 365-369.

SILINSKY, E.M., GERZANICH, V. & VANNER, S.M. (1992). ATP
mediates excitatory synaptic transmission in mammalian
neurones. Br. J. Pharmacol., 106, 762-763.

STONE, T.W. (1981). Actions of adenine dinucleotides on the vas
deferens, guinea-pig taenia caeci and bladder. Eur. J. Pharmacol.,
75, 93-102.

STONE, T.W. & PATON, D.M. (1989). Possible subtypes of ATP recep-
tor producing contraction on the rat vas deferens, revealed by
cross-desensitization. Gen. Pharmacol., 20, 61-64.

THEOBALD, Jr., R.J. (1992). Subclasses of purinoceptor in feline
bladder. Eur. J. Pharmacol., 229, 125-130.

WELFORD, L.A., CUSACK, N.J. & HOURANI, S.M.O. (1987). The
structure-activity relationships of ectonucleotidases and of
excitatory P2-purinoceptors: evidence that dephosphorylation of
ATP analogues reduces pharmacological potency. Eur. J. Phar-
macol., 141, 123-130.

ZIGANSHIN, A.U., HOYLE, C.H.V., BO, X., LAMBRECHT, G., MUT-
SCHLER, E., BAUMERT, H.G. & BURNSTOCK, G. (1993). PPADS
selectively antagonizes P2x-purinoceptor-mediated responses in
the rabbit urinary bladder. Br. J. Pharmacol., 110, 1491-1495.

(Received September 9, 1993
Revised March 28, 1994
Accepted May 14, 1994)


