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Abstract

The antagonistic effects of the novel suramin analogue 4,4',4”,4"-(carbonylbis(imino-5,1,3-benzenetriylbis(carbonylimino)))tetrakis-
benzene-1,3-disulfonic acid (NF449) were analyzed at homomeric human P2X;, and P2X; receptor subtypes (hP2X; and hP2Xj)
heterologously expressed in Xenopus oocytes using the two-microelectrode voltage-clamp technique. At activating ATP concentrations of 1
puM (hP2X,) and 100 uM (hP2X5), ICsq values of 0.05 nM and 40 uM were found for hP2X,; and hP2X receptors, respectively. The Schild
analysis revealed a p4, of 10.7 at hP2X;. Wash-in and wash-out of 10 nM NF449 were nearly complete within 16 s and 4 min, respectively,
at the hP2X, receptor. An increase in the activating ATP concentration to 100 pM shifted the NF449 concentration—inhibition curve
rightwards for the hP2X, receptor. NF449 decelerated activation as well as desensitization of hP2X. It is concluded that NF449 acts as a
reversible competitive antagonist at the hP2X; with much higher potency at hP2X; than at hP2X; receptors. NF449 may hence be excellently
suited to discriminate between both receptors in native human tissues.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Receptors for extracellular adenine and uracil nucleotides
have been classified as P2 receptors (Ralevic and Burnstock,
1998). According to the signal transduction mechanisms,
the P2X receptor subtypes constitute a class of ligand-gated
cation channels, while the P2Y subtypes are G-protein-
coupled metabotropic receptors. To date, seven P2X recep-
tor subunits (P2X;_;) have been identified, functionally
characterized and their transcript distribution has been
described (Khakh et al., 2001; North, 2002). Native cell
types express multiple P2Y receptors and P2X subunits
(Jabs et al., 2000; Adrian et al., 2000; Norenberg and Illes,
2000; Lewis and Evans, 2001; Klapperstiick et al., 2000b)
and heterooligomerization of different P2X subunits may
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form P2X receptors with distinctive physiological and
pharmacological profiles (Lewis et al., 1995; Torres et al.,
1999; Liu et al., 2001; Brown et al., 2002; North, 2002).
Therefore, selective agonists or antagonists of certain P2X
receptor subtypes would be helpful to relate nucleotide-
induced physiological responses in native cells and tissues
to distinct P2X receptors (Jacobson et al., 2002; Lambrecht
et al., 2002; North, 2002). Recently, it has been shown that
the suramin analogue 8,8'-(carbonylbis(imino-3,1-phenyl-
enecarbonylimino)bis(1,3,5-naphthalenetrisulfonic acid)
(NF023) is able to discriminate between P2X;, P2X,,
P2X5 and P2X, subtypes (Soto et al., 1999). A further
suramin analogue, 8,8'-(carbonylbis(imino-4,1-phenylene-
carbonylimino-4.1-phenylenecarbonylimino))bis(1,3,5-
naphthalenetrisulfonic acid) (NF279) has been shown to be
a wholly selective P2X receptor antagonist at native and
recombinant P2 receptors being 13-fold more potent than
NF023 at cloned rP2X; (Damer et al., 1998; Lambrecht,
2000; Klapperstiick et al., 2000b; Rettinger et al., 2000).
Very recently, we reported on the pharmacological profile of
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the new antagonist 4,4’,4”,4"-(carbonylbis(imino-5,1,3-ben-
zenetriylbis(carbonylimino)))tetrakis-benzene-1,3-disul-
fonic acid (NF449) at P2 receptors. This compound
represents the backup derivative for its first-runners
NF023 and NF279. NF449 was shown to possess a sub-
nanomolar potency at recombinant rat P2X,; receptors with
the following rank order at recombinant (rat) and native
(rat vas deferens, guinea-pig ileum) P2 receptors:
P2X1>>P2X3>P2Y1>P2Y2 (Lambrecht et al., 2002;
Braun et al., 2001).

The aim of the present study was to characterize the
effect of NF449 on recombinant human P2X; and P2X;
receptors expressed in Xenopus oocytes to get further
information about the selectivity and antagonistic mecha-
nism of the drug on human P2X receptor subtypes.

2. Materials and methods
2.1. Materials

Chemicals were obtained from Sigma (Deisenhofen,
Germany) if not otherwise stated. The method for synthesis
of NF449 as octasodium salt has been described previously
(Hohenegger et al., 1998).

2.2. ¢cDNA constructs and cRNA synthesis

¢DNA constructs encoding the hP2X; and hP2X% sub-
units have been described previously (Klapperstiick et al.,
2000b). The hP2X* cDNA was isolated from an immortal-
ized human B lymphocyte cell line and carries two amino
acid exchanges (Gly**' Arg and Ala**°Glu) as compared to
published sequences (accession numbers Y09561 and
Y12851-5). Gly**' and Ala**® were sequentially replaced
by Arg and Glu, respectively, using the QuikChange site-
directed mutagenesis kit (Stratagene, Heidelberg, Germany),
to generate a hP2X; construct identical with the one
described earlier by others (Rassendren et al., 1997). Cap-
ped cRNAs were synthesized from linearized templates with
SP6 RNA polymerase (Pharmacia) and purified as described
(Schmalzing et al., 1991). For oocyte injection, the cRNAs
were dissolved in 5 mM Tris/HCL, pH 7.5 at 0.5 pg/ul, and
quantified using optical density reading at 260 nm (OD
1.0=40 pg/ul).

2.3. Oocyte treatment and electrophysiology

The preparation of Xenopus laevis oocytes, injection of
cRNA and the protocols for the measurement of ATP-
induced hP2X;- and hP2X;-dependent whole-cell currents
were performed as described before (Klapperstiick et al.,
2000a,b, 2001).

The experiments followed European Community guide-
lines for the use of experimental animals and have been
approved by the local animal protection authority. Briefly,

membrane currents were measured by the two-microelec-
trode voltage-clamp method. All experiments were carried
out at room temperature (=22 °C). Currents were measured
1 or 2 days after injection of 20 nl of cRNA (0.2 mg/ml). A
fast and reproducible solution exchange was achieved using
a small tube-like chamber (0.1 ml) combined with fast
superfusion (= 75 pl/s). Switching between different bathing
solutions was performed by a set of computer-controlled
magnetic valves using a modified U-tube technique
(Bretschneider and Markwardt, 1999). Measurements of
P2X receptor-dependent currents were carried out in a bath-
ing solution consisting of (mM): 100 NaCl, 2.5 KCI, 10
HEPES, pH 7.4, adjusted with NaOH. Ca”>" was omitted to
avoid the activation of endogenous currents by a Ca® " influx
through the P2X; receptor channels. Mg® * was omitted to
prevent the Mg " complexation of ATP* ~, since otherwise
the high ATP concentrations required for maximal activation
of the hP2X; receptor would have been insoluble (Di
Virgilio, 1995; Markwardt et al., 1997). This means that
the concentrations of the total ATP and of the free ATP* ~ are
approximately equal in these solutions. The removal of
divalent cations from the extracellular solution evoked a
large conductance, which could be blocked by 0.1 mM
flufenamic acid (Weber et al., 1995; Zhang et al., 1998).
Currents were recorded at an holding potential of —40 mV
and filtered at 100 Hz using an oocyte clamp amplifier (OC-
725C, Warner Instrument, Hamden, USA) and sampled at 85
Hz. Data were stored and analyzed on a personal computer
using software programmed at our department (Superpatch
2000, SP-Analyzer by T. Bochm).

For the detailed analysis of the concentration-dependent
effect of NF449 on the two subtypes of human P2X
receptors, different concentrations of the antagonist were
applied in random order. For the effects on hP2X receptors,
ATP was administered at the start of the experiment, three
times for 6 s at an interval of 5 min. The third current
response was taken as control current (/pcon). This proce-
dure was chosen because pilot experiments showed that
application of ATP at intervals of 5 min gave reproducible
currents with amplitude variations <10%.

The P2X; receptor-dependent current /p was measured as
the peak current minus the holding current before agonist
application. To account for the various degree of hP2X;
receptor expression, the P2X,-dependent current at different
NF449 concentrations evoked by a certain concentration of
ATP, Ip([ATP, NF449]), was normalized to the control P2X;
receptor-dependent current /p o €voked by ATP in NF449-
free solution (see Eq. (2)). To overcome the problem that
application of ATP together with NF449 causes only a
fraction of the total P2X; receptor pool to activate and
subsequently to desensitize, a 6-s-lasting pulse of 1 or 100
uM ATP in NF449-free solution was always applied imme-
diately before the 5-min-lasting recovery period to induce
all P2X, receptors to enter the desensitized state. Accord-
ingly, no other P2X, receptors than those which recovered
from the desensitized state during the 4-min recovery period
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Fig. 1. Effect of NF449 on whole cell currents mediated by hP2X; and
hP2X; receptors. (A) Principle and example of measurement of NF449
effects on hP2X;-dependent currents. (B, C) Typical examples for the effect
of NF449 on hP2X,-dependent currents. Original current traces recorded
from two different oocytes, which were first preincubated for 30 s with the
indicated NF449 concentrations and then superfused with the same NF479
solution supplemented with 100 pM (A) or 1 uM ATP (B).

were available for activation by the next test pulse of ATP.
The next control current (without NF449) and the following
NF449-dependent current were then elicited at 5-min inter-
vals.

Because of the low potency of NF449 at the hP2X;
receptor, another protocol had to be chosen to avoid the
consumption of large amounts of the drug. During sustained
linearly increasing activation of hP2X5 receptors (Klapper-
stiick et al., 2000a), NF449 was washed in until the decrease
of the inward current ceased and again a nearly linear
current increase was reached. Some seconds later, NF449
was washed out for 15-30 s (see Fig. 1A).

Nonlinear approximations and presentation of data were
performed using the program Sigmaplot (Jandel, Corte
Madeira, USA). Averaged data are given as means + S.E.M.
if not otherwise stated. Statistical data were analyzed by one-
way repeated measures analysis of variance. Statistical sig-
nificance of differences between means was tested using an
multiple comparison method versus control group procedure
(Bonferroni) by the program Sigmastat (Jandel). Signifi-
cance was taken at P<0.05.

3. Results

3.1. Antagonism by NF449 on human P2X; and P2X;
receptors

3.1.1. hP2X,

Fig. 1A demonstrates an example of measuring the
blocking effect of NF449 on hP2X; receptors. The P2X5-
dependent current at a distinct NF449 concentration (/;) was
normalized to the linearly extrapolated current without
NF449 application at the same time (/; + 15):

11 ([NF449))

L ([NF449], P2X5) = A (1)

Within less than 5 s, the blocking effect of NF449 reached a
steady state level, at which the P2X;-dependent current
again continued to increase linearly. At this time, the
NF449-dependent current /; was measured. The wash-out
of the drug seemed to be completed within about 10 s, when
the current reached the level extrapolated for the unblocked
current without NF449 application.

The concentration-dependent effect of NF449 on hP2X,
was approximated according to a Hill equation (see Eq. (3)
with d assumed to be 0). A loglCs, value of 4.4 + 0.1 was
determined corresponding to an 1Csq value of 40 uM.
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Fig. 2. Kinetics of wash-in of NF449. (A) Principle of measurement of the
effect of different wash-in times (fyash-in) Of 10 nM NF449 on hP2X;-
dependent currents. (B) Dependence of mean relative hP2X;-dependent
currents [o/I; on tyashin (V=06 oocytes). The time constant of the wash-in
effect Tyash-in Shown in the legend was determined by an exponential fit of
the dependence of L/I}(fyash-in)-
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Fig. 3. Kinetics of wash-out of NF449. (A) Principle of measurement of the
effect of different wash-out times (fyash-our) ©f 10 nM NF449 on hP2X;-
dependent currents. (B) Dependence of mean relative hP2X;-dependent
currents I/I; on fyash-our (V=06 oocytes).

3.1.2. hP2X;

The effect of NF449 on hP2X,; was tested by preincu-
bation of Xenopus oocytes expressing this receptor in
divalent free extracellular solutions with different concen-
trations of the drug over a period of 1 min and subsequent
activation of P2X;-dependent currents by 1 or 100 pM ATP
(see Materials and methods). As shown in Fig. 1B and C,

Fig. 4. Concentration dependent effect of NF449 on hP2X;. (A)
Concentration—inhibition curves for the blocking effect of NF449 on peak
hP2X;- and hP2X;-dependent currents. The currents were evoked by
application of ATP concentrations as indicated according to Fig. 1. The
currents were normalized to the ATP-induced current without NF449
application (Eq. (2)). Means from seven (1 and 100 uM ATP, P2X) or six
(P2X5) oocytes are shown. The data for the relative ATP-induced currents
Iy were fitted according to Eq. (3). (B) Effect of NF449 on the
concentration—response relation for ATP on hP2X;-dependent currents.
Peak currents were normalised to the currents evoked by 0.1 mM ATP 5
min before (Eq. (2)). The data were fitted according to Eq. (4):

a
101°gKA1P n
l+—
( AT >
where Krp is the apparent dissociation constant of ATP at hP2X; and «
characterises the maximal relative current which was found to be not
significantly dependent on [NF449]. The highest correlations were obtained
using a uniform Hill coefficient of 2 for all four tested NF449

concentrations. (C) Schild plot of the data shown in B according to the
approximated Karp values.

(4)

IATP el =

the degree of block of the currents was dependent on the
ATP concentration used to activate the receptor. To quantify
this observation, the normalization of the currents was
achieved by:

Ip(JATP, NF449))

Lo ([NF449],P2X;) = A
,cont

)

The time necessary to complete wash-in of NF449 was
determined according to the protocol shown in Fig. 2A.
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Without preincubation, the current elicited by simultaneous
application of 10 nM NF449 and 100 pM ATP was reduced
by only about 20% compared to the control current meas-
ured 5 min before. Within about 16 s, the effect of the wash-
in reached a steady state (Fig. 2B). Therefore, the usual time
of preincubation with NF449 was set to 1 min for measure-
ment of concentration—effect curves.

The time course of the wash-out of the blocking effect of
NF449 was measured according to the protocol illustrated in
Fig. 3A. Like for all other measurements of P2X-dependent
currents, the time interval between two ATP applications
was set to 5 min to take the long-lasting desensitization into
account. The wash-out reached a steady state value of 90%
of the control value after about 4 min (Fig. 3B).

To determine the concentration-dependent effects of
NF449 on hP2X,, the relative peak currents /I (Egs. (1)
and (2), see also Materials and methods) were plotted
against the concentration of the drug as shown in Fig. 4.
The data were fitted according to Eq. (3):

1—-d

INF449 rel = W +d (3)
b (W)

where ICsq is the NF449 concentration required for half
maximal current block and d is the remaining ATP-induced
current at infinite NF449 concentrations. By testing only for
natural numbers of n, the best fits of P2X;-dependent
current amplitudes were achieved with a Hill coefficient
of 1. For the P2X, receptor, the approximations for 1 and
100 pM ATP yielded logICso values (means = S.E.M.) of
—10.27 £0.04 and —9.39 £ 0.07, which are significantly
different from each other. The approximated value of d was
0.01 £0.01 and 0.08 £0.03 for 1 and 100 pM ATP,
respectively.

The shift of the NF449 concentration—response curve by
ATP implicates a possible competitive effect of NF449. To
test this further, ATP concentration—response curves were
measured at different concentrations of NF449. As shown in
Fig. 4B, the ATP concentration—response curves were
significantly shifted rightwards by increasing NF449 con-
centrations. By the Schild analysis (Fig. 4C), a p4, value of
10.7 was approximated.

3.2. Effect of NF449 on receptor kinetics

As demonstrated in Fig. 1B and C, NF449 seemed to
slow down the time course for activation and inactivation of
hP2X,. Therefore, for a formal description of the kinetics of
hP2X,, a Hodgkin—Huxley-like model of independent acti-
vation and desensitization was used:

Ioox () = La(1 — ¢ %) (ND n e*@) A (5)

where I, is the activating current, [, is the steady-state
current without ATP application, ND is the non-desensitiz-
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Fig. 5. Effect of NF449 on kinetics of hP2X;-dependent currents. (A)
Example of approximation of hP2X; receptor kinetics according to Eq. (3).
NF449 (0.1 nM ) was added to the bath 30 s prior to ATP application. The
measured current is shown as circles and the approximation is drawn as
line. Fitted parameters are shown as inset. (B—D) Statistical analysis of the
dependence on the NF449 concentration of the activation time constant 7,
(B), the desensitization time constant 74es (C), and the grade of non-
desensitizing current ND (D) for currents induced by application of 1 pM
(open bars) or 100 uM ATP (cross-hatched bars). Means that are
significantly different from the control values are marked by asterisks.
Means are data from four to seven different oocytes.
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ing part of the activating current, and 7, and t4e are the
time constants for activation and desensitization, respec-
tively. Fig. 5B and C reveals a deceleration of both activa-
tion and desensitization of hP2X; by NF449. With the low
ATP concentration of 1 uM ATP used for activation of
P2X,, the increase of the time constants for activation and
desensitization occurred at lower NF449 concentrations than
with 100 uM ATP. Similarly, the effect of NF449 to increase
the non-desensitizing part of the P2X;-dependent current
was found with 1 uM ATP at lower NF449 concentrations
compared to 100 uM activating ATP (Fig. 5D).

4. Discussion

The present study demonstrates a very high inhibitory
potency of the novel suramin analogue NF449 towards the
hP2X; receptor (IC5o=50 pM for [ATP]=1 pM). The
recombinant hP2X; receptor seems therefore to be even
more sensitive to NF449 than the rat homologue, for which
an ICsy of 290 pM NF279 was found at activating ATP
concentrations of 1 uM (Braun et al., 2001). The variance
may be due to differences in the protein structure of the rat
and human P2X; receptor. On the other hand, for another
suramin analogue, NF023, similar ICsq values of 0.24 and
0.21 uM have been found for the rat and human P2X;
homologue, respectively, heterologously expressed in Xen-
opus oocytes (Soto et al., 1999). NF279, another potent
P2X receptor antagonist, was even found to be more potent
at rP2X than at the hP2X; with ICs, values of 19 and 50
nM, respectively, for activating ATP concentrations of 1 uM
(Klapperstiick et al., 2000b; Rettinger et al., 2000).

The P2 receptor selectivity profile of NF449 is quantita-
tively and qualitatively unique and different from that of
other known P2X receptor antagonists with nanomolar
potency at recombinant P2X; receptors such as 2',3'-O-
(2,4,6-trinitrophenyl)-ATP (TNP-ATP) and diinosine penta-
phosphate (IPsI). Although not yet investigated in detail,
TNP-ATP and IPsI seem to be of limited use in whole tissue
experiments or under in vivo conditions due to their break-
down by ecto-nucleotidases whereas NF449 has a inhibitory
potency at these enzymes (Lambrecht, 2000; Jacobson et al.,
2002; Lambrecht et al., 2002).

We had to take into account that extracellular divalent
cations reduce the concentration of free ATP* ~, the agonist
at P2X; and P2X-like native P2X receptors, for example, in
human B lymphocytes (Markwardt et al., 1997). Therefore,
in our measurements, we omitted extracellular divalent
cations like Mngr and Ca’" to activate hP2X, and hP2X,
receptors under identical conditions, i.e. to obtain compa-
rable activating ATP concentrations on hP2X; and hP2X,
receptors. The development of large ionic currents was
prevented by adding flufenamic acid to the bath (see also
Materials and methods). A significant influence of Mg® "
and flufenamic acid on hP2X;- and hP2X,-dependent cur-
rent amplitude and kinetics and on the effect of NF449 on

hP2X, seems unlikely because earlier investigations
revealed no effect of Mg® " on the block by NF279 of
hP2X; receptors (Klapperstiick et al., 2000b).

Three main findings point to a competition between
NF449 and ATP at the agonist binding site at P2X,
receptors. (i) Although the used method for solution
exchange is probably too slow for an exact description of
the kinetics of the hP2X; receptor, our data indicate that
NF449 slows down the activation. (ii) Although the rela-
tionship between pICso and agonist concentration is not a
simple linear one, for a competitive antagonist, the pICs,
should decrease as the agonist concentration is increased.
Indeed, ICsq values for NF449 inhibition of hP2X; receptor-
mediated currents varied eightfold whether currents were
evoked by 1 (pICso=10.3) or 100 uM (pICs50=9.4) ATP,
respectively. (iii) The Schild analysis revealed a significant
rightward shift of the ATP concentration—response curve by
increasing concentrations of NF449. The same conclusion
was already drawn for the action of NF279 and NF449 on
smooth muscle preparations (Damer et al., 1998; Lam-
brecht, 2000; Braun et al., 2001) and recombinant hP2X;
receptors (Klapperstiick et al., 2000b) as well as for the
effect of NF023 on rat and human P2X; (Soto et al., 1999).

NF449 also decelerates or even reduces (Fig. 5C and D,
respectively) the desensitization of hP2X; receptors. This
means that binding of NF449 not only blocks activation but
also the desensitization of the hP2X, receptor. The effect of
NF449 on both activation and desensitization kinetics could
be antagonized by increasing the activating ATP concen-
tration. Accordingly, currents which are activated by differ-
ent concentrations of NF449 and ATP but with about the
same amplitude have similar activation and desensitisation
time constants (compare in Figs. 4 and 5 pairs of mean
currents activated by 0.03 nM NF449/1 uM ATP and 0.3
NF/100 ATP, 0.1 NF/1 ATP and 1 NF/100 ATP, or 1 NF/1
ATP and 10 NF/100 ATP, respectively). Thus, changes in
Taet and T4es are likely to simply reflect the differences in
receptor occupancy in the absence and presence of NF449.
This is reminiscent to the effects of NF279, which were
interpreted as an action of NF279 on the ATP binding site
only and the assumption that desensitization of P2X is only
possible after its activation (Klapperstiick et al., 2000b).

Wash-in and wash-out experiments showed that NF449
is a reversible blocker at hP2X; receptors. Simultaneous
application of NF449 and ATP resulted only in a small
block of the channels. Therefore, a preincubation period for
the cells under investigation of at least 30 s should be used.
The wash-out reached a steady state value after about 4 min.
After this time span, ATP-induced currents reached about
90% of the control value measured before. It remains
unclear if the incomplete “wash-out” was due to a persist-
ing drug effect, a long-lasting desensitization or a run-down
of P2X; channel activity. Longer time intervals between
ATP applications to P2X; would possibly have reduced part
of these effects, but on the other hand would have resulted
in very long time for the experiments.
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Also, we show that NF449 is a poor blocker of hP2X,
receptors. The potency at the hP2X; receptor is even lower
than for NF279, another suramin analogue highly potent at
P2X; receptors. This latter compound blocked the hP2X,
receptor with an ICs, of 7 uM at the same activating ATP* ~
concentration of 100 pM (Klapperstiick et al., 2000b).
Because of its low potency at hP2X5, NF449 is not suitable
as a P2X; receptor antagonist and, therefore, the mechanism
of block was not further investigated in detail. Likewise, the
deviation of the concentration—response curve from a sim-
ple Hill plot remains unexplained. Possibly, it originates
from the existence of two functionally different binding sites
for ATP at the hP2X; receptor (Klapperstiick et al., 2001).
Already, the effects of NF279 pointed to the fact that the
activated P2X5 receptor may exist in two different states and
that the one of them which deactivates fast is preferentially
blocked by this compound.

In conclusion, our results demonstrate that NF449 is an
extremely potent and reversible antagonist at the hP2X,
receptor. Considering additionally its low potency at hP2X,
NF449 is a very useful tool for pharmacological discrim-
ination between P2X- and P2X;-mediated effects in native
tissues, which express several P2X receptor subunits such as
human B lymphocytes, in which messages for P2X,, P2X,
and P2X; were found (Klapperstiick et al., 2000b).
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