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ABSTRACT. P2X receptors play an important role in communication between cells in the nervous system.
Therefore, understanding the mechanisms of inhibition of these receptors is important for the development
of new tools for drug discovery. Our objective has been to determine the pharmacological activity of the
antagonist suramin, the most important antagonist of purinergic receptor function, as well as to demonstrate
its noncompetitive inhibition and confirm a competitive mechanism between ATP and TNP-ATP in 1321N1
glial cells stably transfected with the recombinant rat P2eceptor. A radioligand binding assay was
employed to determine whether suramin, TNP-ATP, and ATP compete for the same binding site on the
receptor. TNP-ATP displaced{*?P]ATP, whereas suramin did not interfere with-$?P]ATP—receptor
binding. To determine the inhibition mechanism relevant for channel opening, currents obtained in fast
kinetic whole-cell recording experiments, following stimulation of cells by ATP in the presence of suramin,
were compared to those obtained by ATP in the presence of TNP-ATP. Supported by a mathematical
model for receptor kinetics [Breitinger, H. G., Geetha, N., and Hess, G. P. (Bd@d)emistry 408419~

8429], the inhibition factors were plotted as functions of inhibitor or agonist concentrations. Analysis of
the data indicated a competitive inhibition mechanism for TNP-ATP and a noncompetitive inhibition for
suramin. Taken together, both data support a noncompetitive inhibition mechanism of the rat recombinant
P2X, receptor by suramin, confirm the competitive inhibition by TNP-ATP, and allow the prediction of

a model for P2X receptor inhibition.

The biological effects of extracellular purine nucleotides functional receptor can confer distinct biophysical and
acting through P2 receptors have been studied in many cellpharmacological properties to a particular receptor subtype
and tissue types. ATP is now recognized as an important(10, 11).
messenger molecule in celtell communication in the According to Ding and Sachd?), the best model with
central nervous system and has been shown to be involvedwhich to describe the channel opening of P2X receptors can
in brain developmentl—3). The P2X receptors are formed be summarized as follows. (I) The channel proceeds through
from seven distinct gene products encoding different ATP- three ATP binding steps before opening. (Il) The three ATP
gated ion channel subunitgl)( The P2X receptor has a binding sites are positively cooperative. (Ill) There are two
distinctive structural motif, with each subunit containing two open states, which connect to a common ATP-independent
hydrophobic transmembrane domains connected by a largeclosed state. (IV) Activation and deactivation proceed along
intervening hydrophilic extracellular loog). The protein the same pathway. (V) Channels open only after having
subunits combine as either homomultimers or heteromulti- bound to three ligand molecules.
mers to form functional membrane-spanning multimeric  The pharmacological investigation of P2X receptors has
receptors §—9). The inclusion of multiple subunits into a been hampered by the lack of potent subtype-selective

ligands and antagonists. Antagonists, such as surar#, 2
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studies, suramin has been reported to be one of the mainlyBerlin, Germany), using a two-stage puller (Sutter P-10,
important, nonselective, and reversible inhibitors of these Sutter Instruments, Novato, CA). Pipet tips were fire-polished
receptors20—23). In most cases, suramin has been described using a flame polisher (MF-83, Narishige, Tokyo, Japan).
as a competitive inhibitor displacing ATP from the ligand- The extracellular recording buffer contained 145 mM NaCl,
binding site of the receptoR4—27). This conclusion is based 5.3 mM KClI, 1.8 mM CaCJ-2H,0, 1.2 mM MgC}, 10 mM
on the effect of these compounds on doséect curves glucose, and 10 mM HEPES; the pH was adjusted to 7.4
induced by the purinergic receptor agonis-methylene- with NaOH. The intracellular solution contained 140 mM
ATP in the presence of surami®4), competition of suramin ~ KCI, 10 mM NacCl, 2 mM MgC}, 1 mM EGTA, and 10
with a,5-methylene-ATP for receptor binding as determined mM HEPES; the pH was adjusted to 7.4 with KOH. An
by autoradiographic studies of rat brain sectio®s),(and Axopatch 200A amplifier and the pClamp software packet
electrophysiological studies with recombinant receptors (Molecular Devices Corp., Union City, CA) were used for
expressed in oocytes and cel®6( 27). However, results  data collection. The obtained data were analyzed on a
obtained by Wong and collaborato28) from single-channel ~ personal computer using Microcal Origin (Northampton,
measurements using rat hippocampus patches indicated thatlA). All measurements were carried out at pH 7.4 ane-21
the inhibitory effect of suramin on P2X receptor activity was 23 °C at a transmembrane voltage 60 mV. Data from
inconsistent with a simple competitive antagonism model. each cell were normalized to the response measured with
The ATP analogue TNP-ATP has been used for labeling 100 uM ATP. All solutions used in the experiments were
ATP-binding sites in a variety of tissueg9 30). Mockett prepared on the day of the measurement.
et al. @1 and King et al. 82) were among the first to The flow method used for rapid ligand application has been
describe antagonist effects of TNP-ATP on P2X receptors. described by Krishtal and Pidoplichkdl) and Udgaonkar
This potent and relatively selective P2X receptor antagonist and Hess 42). Briefly, a cell in the whole-cell recording
has recently been used to characterize a variety of nativeconfiguration 43) was placed ca. 10@m from the porthole
P2X receptors33—36). (diameter of ca. 10@m) of a U-tube (Hamilton, Reno, NV)
TNP-ATP is a close structural analogue of ATP, suggest- (41). The flow rate of solutions emerging from the flow
ing that it may bind to the extracellular ATP binding pocket device, containing neurotransmitter with or without inhibitor,
of P2X receptors, and may act as a competitive antagonist.was typically 1 cm/s. Measurements were taken in intervals
This appeared to be the case when nondesensitizing ATPof 5 min, a time sufficient to allow for recovery of
responses on cochlear hair cells were blocked by TNP-ATP desensitized receptord4).

in a competitive manner3(Q). Experiments published by Western Blotting1321N1 glial cells were resuspended in
Burgard and colleaguesT) also indicated a competitive PBS (phosphate-buffered saline) with 2 mM EDTA. Cell
inhibition mechanism. However, Virginio et al3§) de- lyses was started by sonication {310 pulses at 30%) in
scribed TNP-ATP as a noncompetitive antagonist of rapidly the presence of protease inhibitors. The material was
desensitizing recombinant rat P2keceptors. centrifuged for 15 min at 30@0and 4°C, and the supernatant

In an attempt to elucidate the inhibition mechanism of was collected. The supernatant was ultracentrifuged for 1.5
suramin and TNP-ATP and to provide a strong basis for h at 100009 and 4°C, and the pellet was resuspended in
further pharmacological analysis of P2X receptors, we have 50 mM HEPES (pH 7.4).
examined the mechanism of inhibition of a recombinantP2X  Forty micrograms of membrane proteins from ultracen-
receptor by suramin and by TNP-ATP. Our results suggest trifugation was mixed with SDSPAGE sample buffer
that suramin behaves as a noncompetitive antagonist, bindingcontaining 0.05% (v/v) mercaptoethanol, heated for 5 min
to a different site on the receptor compared to ATP, and to 95°C, separated on 10% SB$olyacrylamide gels, and
confirm the competitive action of TNP-ATP. electroblotted onto nitrocellulose membranes (Transblot, 0.45

um, Bio-Rad). The membranes were incubated with a
MATERIALS AND METHODS blocking solution containing 3% nonfat milk powder in

Material. Unless otherwise indicated, all reagents were PBS-T (PBS with 0.05% Tween 20) for 30 min at room
purchased from Sigma and were of the highest available temperature, followed by overnight incubation &t@ with
quality. [o-32P]JATP (3.000 Ci/mmol) was from Amersham. a 1/250 dilution of goat polyclonal anti-P24ntibody (Santa

Cell Culture and Maintenancéduman 1321N1 astrocy- Cruz Biotechnology, Heidelberg, Germany) in the same
toma cells expressing recombinant rat R2¥ceptors, as  blocking solution. Following three washes with PBS-T,
already described for the recombinant R2¥ceptors 9, membranes were incubated ©h atroom temperature with
40), were grown in Dulbecco’s modified Eagle’s medium peroxidase-conjugated secondary anti-goat IgG (1/100) (Santa
(DMEM, high glucose, Invitrogen) supplemented with 10% Cruz Biotechnology). Reactions were developed by using
(v/v) fetal bovine serum (Cultilab, Campinas, Brazil) in the the ECL plus kit (Pierce) according to the instructions
presence of 100 IU/mL penicillin, 1Q@g/mL streptomycin, provided by the manufacturer.
and 0.5 mg/mL Geneticin (Sigma) at 3T in a water- Radioligand Binding AssayRadioligand binding meth-
saturated atmosphere containing 5%,0Ckell cultures were ~ odology was generally adapted from procedures described
subcultured weekly, seeded at>5 1P cells/culture flask by Michel et al. 45 and modified to enhance specific
(175 cn?), and fed three times during that period by replacing binding to living cells expressing rat P2¥eceptors. 1321N1
the old medium. For electrophysiology,»2 10* cells were human glioma cells (200 000) expressing the recombinant
plated into 35 mm cell culture dishes and used for experi- P2X; receptor were incubated for 30 min at 2Z5in PBS at
ments within 2-4 days. pH 7.4 with [0-32P]JATP (200 000 cpm, 130 pM) in the

Whole-Cell RecordingRecording glass pipets were pulled absence or presence of increasing concentrations of the
from borosilicate glass (World Precision Instruments Inc., antagonists suramin and TNP-ATP to determine whether
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suramin, TNP-ATP, andof-3?P]ATP compete for the same
binding site. The percentage of nonspecific bindingetP]-
ATP was determined in the presence of 100 unlabeled
ATP.

Following incubation, the cells were washed three times
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with PBS, solubilized in the presence of SDS (1%), and whereX is the concentration of inhibitoK; is the inhibition

transferred to scintillation vials. Receptor-boune®fP]ATP

was quantified by scintillation counting. Protein concentra-

tions were determined as described by Bradfa@).(
Data Analysis.The relation betweerd, the measured

constant, and all the other constants have been described
before. When the inhibitor concentratidtis varied and the
ligand concentrationL remains constant, eq 3 can be
linearized to study the dependence of obtained whole-cell

whole-cell current amplitude, and the concentration of open CUrrent on inhibitor concentration:

receptor channels was derived for the acetylcholine receptor
(47, 48), and the equation was then adapted to apply to cell-

flow measurementst@). When the initial ligand concentra-

tion is much larger than the number of moles of receptor in

the absence of desensitization, this relation is giverdSy (

Ln
L" + O(L + K,)"

A=1yRy = IMRMF(ALn)o 1)

whereF .o is the fraction of receptor in the open-channel
form, L is the molar concentration of the ligand ATRjs
the number of ligand-binding sites = 3 in the case of
ATP binding to the P2Xreceptor according to Ding and
Sachs 12)], andK; is the dissociation constant for dissocia-
tion of the agonist ATP from the purinergic receptor. The
channel opening equilibrium constad@ (%) (47) is the ratio

of channel openingkg,) and channel closingkg) rate
constants; thusp~! = k,y/kg. Iu is the current due to 1 mol
of open receptor channelRy, represents the number of moles

Amax )1/3 _ 1/3( Kl) XKl 1/3
(A 1 =o1+ - +ﬁ® (4)
Noncompetitie Inhibition (53)
1/3 K
(Ar;\ax_ 1) _ (q)l/3+ qu)lls)z (5)

Z = (XIKyx + 1) when a noncompetitive inhibitor binds
only to the closed-channel form of the receptor.

General Noncompetite Inhibition

A X
Ax)

Kx
where X represents the concentration of the inhibitaris
the current amplitude in the presence of the agonist/Agad
is the current amplitude in the presence of the agonist and
inhibitor X. This equation allows the determination of the

(6)

of receptor in the cell membrane controlling channel opening, dissociation constant of a noncompetitive inhibitix) from

andlyRy corresponds to the whole-cell current that would

the receptor.

be observed if all the receptor channels opened in the Competitie Inhibition.

presence of a saturating concentration of liga@).(

A least-squares regression to the logistic equation was used A X X
to evaluate the constants (Prism, GraphPad Software, San

Diego, CA). EGy is the effective concentration of agonist
that gives half-maximal amplitude, andy is the Hill
coefficient. Antagonist concentratiemesponse curves were
fitted in the same manner to determinesdQinhibitory

Aix Ki

Fa and Fp. are the fractions of unbound receptors and
receptor species bound to one inhibitor molecule at equilib-
rium, respectively; for more details, see B4f The equation

(BFp +Fu) + FAE (7

concentration resulting in 50% of maximal response) values. for competitive inhibitors is reduced to that of noncompetitive

The inhibition constantK;) describes the affinity of the

inhibitors when the term&a(X/K;) < (3Fa + FaL) in the

inhibitor for the receptor, and was estimated using the above-described equation, being the case at low inhibitor

relationshipK; = ICso/(1 + L/ECsg), assuming that inhibitor
and ligand bind to the same site on the receps@).(
Throughout the text, data are expressed as the mean

concentrations.

RESULTS

the standard error of the mean. The data were considered In this work, we have compared the inhibition mechanisms

statistically different wherp < 0.05, using the unpaired
Student’st test.

According to Breitinger et al51), Ramakrishnan and Hess
(52), and Walstrom and Hes49), the following equations
were used to analyze the experiments:

Dose—-Response Cue in the Presence of an Agonistie
plot of agonist concentration response can be lineari@d (
and allows evaluation ob andKj:

1/3 K
(ATXG.X_ 1) — cI)l/3 + cI)1/3T]- (2)

Dose-Response Cue in the Presence of a Compet#i
Inhibitor.

of the rat recombinant P2Xreceptor by two purinergic
receptor antagonists, TNP-ATP and suramin. As shown in
Figure 1, TNP-ATP is an ATP analogue with a trinitrophenyl
group added to the ribose moiety. The structural similarity
of TNP-ATP and ATP suggests that both molecules may
interact with the same binding site on P2X receptors. In the
case of suramin, the same suggestion is not plausible.
We have used 1321N1 human glioma cells stably trans-
fected with P2X% receptors as a model for studying P2X
receptor inhibition, since these cells do not express any
endogenous functional purinergic recept@&$ ¢0). We have
verified the presence of P2Xreceptors on the mRNA
transcription and protein expression level. R2&ceptor gene
expression was detected by RT-PCR. The amplified cDNA
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Ficure 1: Chemical structures of the purinergic receptor agonist
ATP and the antagonists TNP-ATP and suramin.

P2X, (-)
70 kDa —mm—
IgG anti-P2X,

Ficure 2: Detection of the P2Xreceptor protein. Western blot
analysis of plasma membrane protein extracts from stably trans-
fected 1321N1 glial cells with recombinant rat PX¥ceptors (left
lane) or with the expression vector only as a control (right line)
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80 ms, showing rapid receptor activation. In all experiments
with more than 30 different cells at ATP concentrations
ranging from 1 to 100@M, only one of these cells exhibited
a significant desensitization rate. The slope was equal to
—0.116 + 0.006, and the rate coefficient for receptor
desensitization o) was 0.45+ 0.1 s, reflecting slow
desensitization of receptors in the presence of the agonist.
Co-application of TNP-ATP resulted in a reduction of the
whole-cell current obtained in the presence of ATP, but did
not interfere with the receptor desensitization as the rate
coefficient for desensitization did not change € 0.40+
0.06 s'1). Suramin application affected the amplitude of the
whole-cell current, as well as the desensitization rate. The
slope of current decay in the presence of suramin-wa836
4 0.002, and the rate coefficient that was obtained was 0.70
+0.17 st

Currents induced by ATP concentrations between 1 and
1000uM ranged from 10 to 4971 pA (Figure 4A). The values
of the constants accounting for the observed current due to
channel opening were evaluated using a nonlinear fit of these
data to eq 1. E§ for receptor activation by ATP was

was carried out as described in Materials and Methods. The reactiondetermined to be 42 2 uM (R? = 0.98), and the Hill slope
was developed using the ECL chemiluminescence reaction (Pierce)was 2.114 0.04 (solid line;R? = 0.98), suggesting the

followed by exposure to Kodak X-Omat film.
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Ficure 3: Cell-flow investigations of the effects of ATP, suramin,
and TNP-ATP on rat P2Xreceptors of 1321N1 glial cells. All
measurements were carried out at pH 7.4 andQ@5with a fixed
membrane voltage of-60 mV, using a rapid chemical kinetic
technique and a flow rate of the ATP solution of 1 cm/s for the
rapid equilibration of the cell surface receptor with the ligaad (

42). (A) Whole-cell current response of the receptors to 400
ATP. The observed whole-cell current (solid line) is a measure of
the number of receptors in the open-channel form in the cell
membrane and reached a maximum value-80 ms. The falling
phase of the current, indicative of receptor desensitization, exhibits
only one process. The rate coefficient for receptor desensitization
(o) was 0.45+ 0.1 s'L. (B) Inhibition of the whole-cell current
induced by 10tM ATP in the presence of 20M suramin or (C)

50 uM TNP-ATP.

500 0 500

was confirmed to be identical to rat P2Meceptor cDNA as
determined by DNA sequencing of the PCR product (Gen-
Bank accession number NM_053656) (data not shown).

presence of three ATP binding sites for channel operiidy (

A simulation with a Hill slope of <2 was created to
investigate the possibility of binding of two ATP prior to
channel opening (dotted line). In this situation, we observed
a correlation index equal to 0.82 and a statistically different
data fit (o = 0,0438), supporting the necessity of three ATP
molecules for channel opening. The dissociation constant for
binding of ATP to the receptoiK() was calculated as 38&

2 uM according to eq 2. The channel opening equilibrium
constant 1) as a measure of receptor activation in the
presence of the agonist was 0.1#0 0.012, following
linearization of the dose-dependence curve of ATP (eq 2).

An ATP concentration of 10tM which represents a
condition where receptors are mainly in the open-channel
form was used to determine inhibition constants for suramin
and TNP-ATP. The data were replotted using linear regres-
sion for comparison of results obtained in the presence of
TNP-ATP or suramin.

Inhibition of the P2X Receptor by TNP-ATRAs expected,
TNP-ATP by itself did not activate P2Xeceptors in 1321N1
glioma cells (data not shown). However, TNP-ATP inhibited
ATP-mediated whole-cell currents when co-applied with the
neurotransmitter. The Kgvalue of P2X% receptor inhibition
by TNP-ATP was 9.4+ 0.9 uM (R? = 0.97) with a Hill
slope of—0.76 &+ 0.70 (Figure 4B).

To determine whether TNP-ATP inhibits the P2X¥ceptor
by competing with ATP for the ligand-binding site or by an
independent noncompetitive mechanism, whole-cell currents
obtained in the presence of 1M1 ATP and increasing
concentrations of TNP-ATP (from 10 to 3Q@V) were

Western blot analysis revealed the presence of only oneplotted as a function of antagonist concentration (Figure 5A).

isoforms with a molecular mass of 70 kDa and no splice
variants of the P2Xreceptor (Figure 2).

Figure 3 shows a representative whole-cell current mea-
surement performed in the presence of 100 ATP (A,
solid line), 100uM ATP with 20 uM suramin (B, dotted
line), and 10uM ATP with 50 uM TNP-ATP (C, dashed
line), using the cell-flow techniquedy, 42). The current
obtained with 10«tM ATP reached a maximum value within

The channel opening equilibrium constant in the presence
of TNP-ATP (@1) decreased from 0.118 0.012 to 0.002

4+ 0.001, indicating that the equilibrium between channel
opening and closing was shifted to the closed channel form.
When a single, identical binding site for both ATP and TNP-
ATP was proposed, according to the method of Cheng and
Prusoff 60), the dissociation constant for receptor inhibition
by TNP-ATP ;) was calculated to be & 1 uM.
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Ficure 4. Dependence of obtained whole-cell currents on the concentrations of the agonist ATP and antagonists suramin and TNP-ATP.
All measurements were carried out at pH 7.4 and@5bwith a fixed membrane voltage ef60 mV. (A) Dependence of current amplitudes

on the concentration of ATAR) obtained in cell-flow experiments. Each data point represents the mean valud ®data points obtained

from 49 cells. The currents of each cell with increasing concentrations of ATP were normalized to those obtained in the presence of 100
uM ATP. The current obtained in different cells in the presence of ATP ranged from 10 to 4971 pA. The Hill slope was®0#1(solid

line). The EGo value was determined to be 422 uM (R? = 0.98). The dotted line is a simulation of two binding sites for channel opening

(Hill slope was set to 1.882 = 0.82). The inset shows a linear curve fit of the same plot (eq 2). The linear fit of the data gave an intercept
of 0.480+ 0.002, resulting in the value for the channel opening equilibrium constar) f 0.110+4+ 0.012 and the dissociation constant

for ATP—receptor bindingK;) of 38 + 2 uM. (B) Dependence of the current amplitudes obtained by @d0ATP on the concentration

of TNP-ATP @). Each data point represents the mean value-dfédata points obtained from 58 cells. Currents were normalized to those
obtained with 10Q«M ATP. Currents ranged from 0 to 3800 pA. The Hill slope waB.76+ 0.70. The 1Gp value was 9.4t 0.9 uM (R?

= 0.97). (C) Dependence of the current amplitudes obtained withuM@®TP on the concentration of suramia). The presented data
corresponding to each concentration of ATP are mean values frob® 8&easurements from a total of 35 cells. Currents were normalized

to those obtained with 100M ATP alone. Currents ranged from 764 to 2680 pA. The Hill slope-wha82+ 0.04. The IG, for inhibition

by suramin was 34t 2 uM (R? = 0.98).
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Ficure 5: Inhibition of rat recombinant P2Xreceptors by TNP-ATP and suramin. Experimental conditions were as described in the
legends of Figures 3 and 4. Each data point includes three to six measurements each from a total of 38 cells at various TNP-ATP or
suramin concentrations. (A) Inhibition of P2Xeceptors by TNP-ATP&) at a constant ATP concentration of 10M. Curve fitting was
carried out according to eq 4 by simulation of linear (solid line, in the case of a competitive inhibitor) and nonlinear (dotted line, for a
noncompetitive inhibitor) fits. The linear fit applied best for the da® £ 0.97 and a slope of 0.0165 0.0003uM™Y) indicating a
competitive mechanism. The channel opening equilibrium constar) (vas equal to 0.002- 0.001, as calculated from the intercept. The
constant for receptor inhibition by TNP-ATK;j was calculated to be & 1 uM (50). (B) Inhibition of the P2X% receptors by suramina(
at a constant ATP concentration of 10M. For a noncompetitive inhibitor, a plot oALa/A — 1)13 vs inhibitor concentration is expected
to be nonlinear and to show a cube root dependence on inhibitor concentration, according to eq 5. The nonlinear fit (solid line) shows a
correlation index of 0.97, indicating a nonlinear inhibition mechanism for the,P&€ptor by suramin. The dotted line provides a simulation
of linear curve fitting.

The dose-response curve for ATP acting upon P2X inhibition, (Ana/A — 1)Y2 is proportional to the cube root
receptors is shifted to higher concentrations of agonist in of inhibitor concentration multiplied by a constant (eq 5).
the presence of a competitive antagonist, and subsequently, The comparison of a nonlinear and a linear regression for
EGCso values for ATP-induced receptor activation increase curve fitting of TNP-ATP inhibition of the P2Xreceptor
without a change in the maximum currety). However, activity, as shown in Figure 5A, indicates that a linear
a noncompetitive inhibitor that binds preferentially to the relationship fits the data better, consequently confirming a
closed-channel form can also account for these observationcompetitive inhibition mechanism. The data fitted by linear
(51). Therefore, it is necessary to differentiate between a regression have a slope equal to 0.0466.0004uM ! (R?
competitive inhibitor and a noncompetitive inhibitor that = 0.99). In contrast, a plot for a noncompetitive inhibitor is
binds mainly to the closed-channel form and prevents expected to be a nonlinear curve fit, and this curve is
receptor activation. Equation 4 predicts that the plo#gf.{ simulated (dotted line) in Figure 5A.

A — 1)3versus the concentration of a competitive inhibitor ~ The ratio of the current amplitudes obtained in cell-flow
will be linear, whereas the curve fit for a noncompetitive experiments in the absendg,and presenceyx,, of inhibitor
inhibitor will be nonlinear. In the case of nhoncompetitive (eq 7) can provide additional information about the inhibition
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Ficure 7: Dependence of the obtained whole-cell current on the

suramin. Experimental conditions were as described in the legendsconcentration of agonist ATP in the absenl® 6r presenceld)

of Figures 3 and 4. Inhibition of P2Xreceptors by various
concentrations of TNP-ATP&) or suramin 4) was studied at a

of 100uM suramin. All measurements were carried out at pH 7.4
and 25°C, with a fixed membrane voltage 6f60 mV. The

constant ATP concentration of 1a0/. Three to six measurements  dependence of the obtained current amplitude on the concentration
were performed for each TNP-ATP or suramin concentration. A of ATP (M), as already demonstrated in Figure 4A, was determined
total of 38 cells were used for these measurements. The data wereby cell-flow experiments. The current obtained in the presence of

plotted according to eq 6 or 7 using @ax of 3824 pA. @)
Inhibition by TNP-ATP. The slope of the fitted line was 0.0%6
0.006uM~%, and the intercept was 1.13. The apparent inhibition
constant K;) was 3.7+ 0.2 uM (eq 7). Note the deviation from
linearity at higher concentrations of the inhibitor (dotted lina)) (

Inhibition by suramin. The linear regression of the obtained data

gave a slope of 0.02% 0.001xM~! and an intercept of 1.02 over

the whole range of suramin concentrations. The apparent inhibition

constant Ky) was 38+ 1 uM (eq 6). Note that the linear relation
is still valid at higher inhibitor concentrations.

mechanism. A linear relationship exists betweéeéf;x, and
the noncompetitive inhibitor concentration over a wide

concentration range. In the case of a competitive inhibitor,

however, the plot of the ratio oWAix) versus competitive
inhibitor concentration is expected to be linear only at low
inhibitor concentrations, whelRa(X/Ky) is small compared
to 3Fa + FaL (See eq 7)Fa andF,. represent the fractions
of receptors in form A and AL (in this case, A represents

100 uM suramin (@) with three to nine measurements was
determined at each concentration of ATP for a total of nine points
from 22 cells. The obtained current ranged from 700 to 2348 pA.
The Hill slope was 2.2t 0.3, and the E& was equal to 44.5

1.4 uM (R2 = 0.97).

+ 2 uM (R? = 0.98) with a Hill slope of—0.82 & 0.04
(Figure 4C). Preincubation of cells with 100V suramin

for 10 min, a sufficient time for saturation of P2Xeceptors
with the inhibitor 64), increased the inhibition factor
compared to that for the co-application of the same suramin
concentration with ATP (data not shown). Inhibition of B2X
receptor activity in different tissues by suramin has previ-
ously been observed. Whether this inhibition is competitive
or noncompetitive with ATP binding to the ligand site of
the receptor is not yet well understood.

The results shown in Figure 5B indicate that suramin is a
noncompetitive inhibitor of stably transfected 1321N1 glial

the active, non-desensitized receptor and L the neurotranscells expressing recombinant rat P2Xeceptors in the

mitter), respectively. Figure 6 shows plotsA®x, versus
increasing TNP-ATP concentration®)(at a constant ATP
concentration of 10@M according to eq 7. As expected for
competitive inhibitors, a linear relationship betwelidx
and TNP-ATP concentration was obtained only at low
inhibitor concentrations in the range of-B0uM TNP-ATP.
The inhibition constant obtained at a low concentration of
TNP-ATP calculated by using eq 7 was found to be 8.7
0.2 uM.

concentration range from 10 to 3QM. In the case of
noncompetitive inhibition, the plot oRa/A — 1)¥3 versus
increasing antagonist concentration fits best to a nonlinear
model, as Ana/A — 1)Y3is proportional to the cube root of
the inhibitor concentration (eq 5). Figure 5B shows that curve
fitting of this plot is not linear R? = 0.97), suggesting a
noncompetitive inhibition mechanism in which suramin binds
preferentially to the closed-channel form. In Figure 5B, the
dotted line is a simulation of curve fitting by linear

A radioligand binding assay was employed to corroborate regression.

and determine whether TNP-ATP (from 0.01 to 100)
and [o-32P]JATP (200 000 cpm, 130 pM) compete for the

The following evidence further supports a noncompetitive
inhibition mechanism for suramin. In contrast to #\x,

same binding sites on the receptor. As demonstrated in Figureinhibition ratio versus antagonist concentration plots with

8, TNP-ATP displacedd-*?P]ATP from the ATP-binding
site, and potently inhibited the specific binding of-}2P]-
ATP to P2X receptors with an 16, equal to 2.7+ 0.1 uM.
This value is in agreement with that obtained from whole-
cell current recording (Figures 5 and 6), confirming the
competitive inhibition mechanism of P2Xeceptors by TNP-
ATP in living 1321N1 cells.

Inhibition of the P2X Receptor by Suramiiguramin alone
did not activate P2X receptors (data not shown). As

the inhibitor TNP-ATP, which is linear only at low concen-
trations, the analysis of th&/Ax) inhibition ratio versus
suramin concentration shows a linearity over the whole
concentration range of suramin (from 1 to 3@d) used in

the experiment (Figure 6), indicating again a noncompetitive
inhibition mechanism for suramin as predicted by eq 6. This
equation allows the determination of the apparent dissociation
constantKy) of the noncompetitive inhibitor binding to the
receptor prior to desensitizatioiK( = 38 £ 1 uM). The

expected, suramin inhibited ATP-induced whole-cell currents apparent channel opening equilibrium constant in the pres-
when co-applied with the neurotransmitter (Figure 3). The ence of surami® ¥ is decreased (0.0G8 0.002) compared

ICso for inhibition of the P2X% receptor by suramin was 34

to @1 in the presence of ATP alone. Thus, in accordance
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1401 solutions on the cell surfacel?) in combination with the
whole-cell current recording techniqué3] to measure the
current due to channel openings of purinergic receptors that
occurs while the cell surface equilibrates with ATP in the
absence or presence of inhibitors.

Rat P2X% receptors exhibit a slow desensitization process,
as determined by the rate coefficient of desensitizatign (
and the decay of the response contains one desensitizing
component which could be described as a single-exponential
process not significantly changing at different ATP concen-
) ) trations. Thus, the kinetics of channel activation and the
log [antagonist]( M) pharmacological properties of the P2d¢ceptor in 1321N1
FIGURE 8: Displacement of P]JATP from recombinant rat P2X glial cells are consistent with previously reported observa-

receptors expressed in 1321N1 cells using suram)raid TNP- tions (16), establishing a representative assay system for
ATP (®) as competitors. The dotted line (*) represents the pharmacological characterization of this receptor.

nonspecific binding of¢-32P]JATP to 1321N1 cells expressing rat We have determined a Hill coefficient of 2.11 for ATP

P2X, receptors in the presence of 1QfM unlabeled ATP. ot .
Experimental conditions are detailed in Materials and Methods. All activation of the P2Xreceptor. These results are similar to

measurements were carried out in triplicate. Note the displacementtn0se obtained by Brake et ab)(and Ding and Sachd.f)
of [a-32P]ATP in the presence of TNP-ATP with 4gequal to 2.7 who measured Hill coefficients of 2.0 and 2.3, respectively.
+ 0.14M and no interference of suramin with#PJATP receptor  Although the Hill coefficient in some published studi&g(
binding. 58) suggests two binding sites for ATP, a model indicating

) ) . o binding of three ligand molecules prior to channel opening
with other published studied§, 55, 56), suramin is aless  paged on results obtained by single-channel recording is
effective inhibitor than TNP-ATP. _ widely accepted?2, 20). This work corroborates the model
_ To provide further proof for the model of noncompetitive  hased on the binding of three ATP molecules for channel
inhibition of the P2% receptor by suramin, a classical ctivation. The discrepancy of an overly small Hill coefficient
experiment was perfoynjned_ by measuring ATP activation 544 g three-binding site model can be minimized by
curves of receptor activity in the absence of suran®) ( copnecting an ATP-independent closed state to the open
and at a fixed suramin concentratian, (L00 uM) (Figure states 12).
7). The agonist-induced whole-cell current was inhibited by \ye have studied the mechanisms of inhibition of the rat

a factor of approximately 2 at various ATP concentrations. poy, receptor by TNP-ATP, a structural analogue of ATP
Concentratiorresponse analysis revealed that 10M and suramin, the most relevant antagonist of purinergic
suramin attenuated the response to ATP, but did not e‘,lterreceptor, which is not structurally similar with ATP. Hy-
the EG, for ATP-receptor activation. In presence of suramin, stheses published on the inhibition of P2X receptors by
the obtained E& for ATP activation was 44.5- 1.4 uM TNP-ATP include competitive as well as noncompetitive
(Hill slope of 2.2+ 0.3), compared to 42 2 uM (Hill mechanisms. For instance, Virginio et &8) described a
slope of 2.11+ 0.04) in the presence of ATP alone. These ncompetitive mechanism for inhibition of P2X receptors.
data indicate an_d support a noncompetitive effect of suramin However, a competitive inhibition mechanism of TNP-ATP
on the ATP action 5“3‘3- _ on heteromeric rat P2 receptors has been described by

Displacement of¢-**P]ATP from recombinant rat P2X  pyrgard et al. 87). The latter observations are supported by
receptors expressed in 1321N1 cells using suram)rag a our experimental data, as follows.

competitor in radioligand binding assays provided further First, the inhibition of P2X receptor activity could be
ey|d§ance.that ATP and suramin do. not compete for the samegercome by increasing agonist concentrations.

binding site (Figure 8). Co-incubation of various concentra- - gecond, data obtained from whole-cell current recordings
tions of suramin (from 0.01 to 1QeM) and [a-**P]ATP did — herformed at a constant concentration of ATP and at various

not interfere with {-*PJATP receptor binding. This result ¢ centrations of TNP-ATP, based on eq 4, obeyed a typical
is in agreement with that obtained from whole-cell recording competitive linear curve fitting whem/A — 1)¥3 was

measurements shown in Figures s confirming the non-  5i1ted versus inhibitor concentration (Figure 5B), and
c.:o.mpetltlve mechanism of inhibition of P2Xy suramin in allowed to determine the channel opening equilibridbmY)
living 1321N1 cells. _ _ and inhibition constants) of the receptor in the presence
According to our results (Figures—8), the previously ot TNP-ATP. This method had already been used to
published explanation for an inhibition mechanism of the gifterentiate between competitive and noncompetitive inhibi-
P2X, receptor by suramin2f) is not plausible. Our data o of the serotonin 5-HJ receptor by nicotine, cocaine,
support a competitive inhibition mechanism for TNP-ATP 54 fluoxetine $1).
and a noncompetitive inhibition mechanism for suramin. Third, the ratio of the current amplitudes obtained in cell-
DISCUSSION flow experiments in the absence and presence of |nh|p|tor
(eq 7) gave additional support for a competitive mechanism
A rapid chemical kinetic technique with a 10 ms time of inhibition by TNP-ATP. According to Breitinger et al.
resolution was used to investigate the mechanism of ATP (51) and Ramakrishnan and He&®), a linear relationship
activation and suramin and TNP-ATP inhibition of the rat exists betwee&/Ax, and inhibitor concentration over a wide
P2X; receptor expressed in stably transfected 1321N1 gliomaconcentration range in the case of a noncompetitive inhibitor
cells. The technique consists of rapidly exchanging ligand such as suramin (6300 uM). In the case of TNP-ATP,
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linearity betweemd/Aixy and inhibitor concentration exists Cls «£> CLinlh

only for a narrow concentration range<{80 M), indicating

a competitive mechanism for P2Xeceptor inhibition. For iK 1K

instance, a proof for the inhibition mechanism of the GABA

receptor was obtained by using eq52) C <> ClL; «2> OL;
Finally, a competitive mechanism of inhibition of the P2X

receptor by TNP-ATP was supported by results from I I 1 x

radioligand-receptor binding assays, where TNP-ATP dis- LK D )
placed p-32PJATP from its binding site on P2Xreceptors Ol «=> CLsl' «2> OLql
in 1321N1 cells. The dissociation constant determined by FIGURE 9: Proposed model for the inhibition mechanism of R2X
binding assays is in agreement with those obtained from receptors, according to refi2 and51. C represents the closed,

. . active, non-desensitized receptor dndhe neurotransmitter; the
whole-cell measurements, indicating that TNP-ATP, in fact, subscripts3 andn (0 < n = 3) indicate the number of receptor-

is a competitive antagonist of nondesensitizing P&¢ep- bound ligand molecule<O represents the open-channel form of
tors. the receptorK; (38 £ 2 uM) is the dissociation constant for
Several published studies suggested that suramin is adLSSOCiélltion of the "93)“% (ATP)c)fflcinaithg Belczelfl)tor site controrlling
" - channel opening, and~! was 0. .012.1 represents the
competitive antagonist of P2X receptogsi27). However, competitivg inhibitor TNP-ATP, ankK; (3 + 1 EM) is the
our data have provided clear evidence that suramin has thejssociation constant for dissociation of TNP-ATP from the
characteristics of a noncompetitive inhibitor for the B2X receptor.I’ represents the noncompetitive inhibitor suramin. It is
receptor and does not compete with ATP for the ligand- assumed in the model that only a single apparent dissociation
binding site on the receptor. PlottifgAx, versus inhibitor constantk, exists for the noncompetitive inhibitor suramin (28

. . . .. 1 uM) (for instance,l’ binds equally well to all channel forms).
concentration allows us to determine the apparent dissocia The channel opening equilibrium constant in the presence of

tion constant K,) of a noncompetitive antagonist. AS  syramin, @' (0.003 + 0.002), is decreased, resulting in fewer
expected for a noncompetitive inhibitor, a linear relationship channels in the open fornOsl").

existed over a 200-fold range of suramin concentrations.

Nonlinear curve fitting of Ama/A — 1)Y3 versus inhibitor preparations which express a variety of purinergic receptors
concentration indicates that suramin is a noncompetitive (24—26). Bianchi and co-workersl{) employed calcium
inhibitor which binds to a closed-channel form of the influx assays to study competitive properties of suramin as
receptor. Moreover, the dependence of the obtained whole-a competitive inhibitor. This methodology commonly has a
cell current on the concentration of the agonist ATP is low time resolution, mostly due to slow ligand exchange
identical in the absence or presence of a constant suramirduring the measurements. The maximal resolution of fluo-
concentration. As the EBg was not changed in these rescence-based calcium influx assays is in the scale of
experiments, our data indicate a classical noncompetitive seconds, and these measurements are possibly affected by

inhibition mechanism for suramin. interference of calcium-reporting fluorophores. Fast kinetic
The results of experiments measuring the levebet?P]- whole-cell recording (cell-flow measurements) achieves a

ATP—receptor binding in the presence and absence oftime resolution of 10 ms, reflecting the direct action of the

suramin showed that suramin did not interfere with*fP]- ligand on the receptor. Wong and co-workeg8)( have

ATP—receptor binding when co-applied with the radioligand studied P2X receptor inhibition by suramin in rat hippoc-
to the cells. Discrepancies between receptor binding proper-ampal granule cells using single-channel recording, and have
ties of suramin in different tissues have been reporfdd ( concluded that a competitive inhibition mechanism for
24, 25). However, we note that in the equilibrium binding suramin would not be consistent.
experiments, in which displacement of a radioligand is used  Thus, our work is the first using a rapid chemical kinetic
to determine the affinity of an inhibitor like suramin to the technique to compare kinetics and is the basis of understand-
receptor, it is not known whether the measurements reflecting the inhibition mechanism of TNP-ATP and suramin on
the binding to the receptor before or after desensitization, the P2X receptor expressed in a uniform and silent
or even binding to sites other than on the ATP receptor. background. Although purinergic receptors share an endog-
These ambiguities are avoided by analyzing binding studiesenous agonist in vivo, they may have different functions on
in association with kinetic experiments where one measuresthe basis of tissue distribution, activation kinetics, structure,
the effect of the specific receptor ligand ATP and an inhibitor and isoforms of the receptor. Moreover, the investigation of
on the current resulting from the opening of ATP-activated the P2X receptor in vivo is hindered by the identification
transmembrane channelS1j. In addition, we can ensure of up to six different splice variants of the rat homologue
that the obtained current in the presence of ATP results only (59).
from P2X receptor activation because 1321N1 cells do not  Our data obtained from both radioligand binding and fast
express endogenous purinergic recept8&s 40), whereas kinetic whole-recording studies strongly support a noncom-
ATP and suramin may bind to other proteins on the cell petitive mechanism of inhibition of the rat recombinant R2X
surface. receptor by suramin and confirm the competitive inhibition
Claims that suramin is a competitive inhibitor of purinergic by TNP-ATP. Thus, we suggest the following inhibition
receptors go back to 199@4), when the P2Xreceptor had mechanism (Figure 9). TNP-ATP displaces ATP from its
not yet been isolateds). Leff and co-workers described ligand-binding sites on the receptor, thereby preventing
suramin as a slowly equilibrating, competitive antagonist of channel opening. Suramin binds to an allosteric, regulatory
P2X receptors in isolated ear arteries from rabbit. Most of site on the receptor, different from the ligand-binding site.
those studies indicating a competitive inhibition mechanism The presence of suramin induces a conformational change
for suramin on P2X receptors were carried out using tissuein the closed-channel form of the receptor protein, subse-
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. Bianchi, B. R., Lynch, K. J., Touma, E., Niforatos, W., Burgard,
E. C., Alexander, K. M., Park, H. S., Yu, H., Metzger, R.,
Kowaluk, E. A., Jarvis, M. F., and van Biesen, T. (1999)
Pharmacological characterization of recombinant human and rat
P2X receptor subtype&ur. J. Pharmacol. 376127-138.

. North, R. A., and Surprenant, A. (2000) Pharmacology of cloned
P2X receptorsAnnu. Re. Pharmacol. Toxicol. 40563—580.

. Dunn, P. M., and Blakeley, A. G. (1988) Suramin: A reversible
P2-purinoceptor antagonist in the mouse vas deferBnsJ.
Pharmacol. 93243-245.

.North, R. A. (2002) Molecular physiology of P2X receptors,
Physiol. Re. 82, 1013-1067.

. Khakh, B. S., Michel, A., and Humphrey, P. P. (1994) Estimates

of antagonist affinities at P2X purinoceptors in rat vas deferens,

Eur. J. Pharmacal 263, 301—-309.

Surprenant, A. (1996) Functional properties of native and cloned

quently inhibiting channel opening in the presence of the 17
ligand ATP. The existence of more than one binding site
for suramin on the P2Xreceptor cannot be ruled out.

These observations, obtained by a fast kinetic approach,
permit the determination of constants for a chemical mech- 18
anism by which these receptors are activated and inhibited
as a function of time and over a wide range of neurotrans-
mitter and inhibitor concentrations, thus contributing to the
knowledge of the signaling process in the nervous system 20
and the development of therapies for disorders associated 21
with purinergic receptor dysfunctior6Q, 61).
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