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Opposite Effects of Zinc on Human and Rat P2X, Receptors

Rachel K. Tittle and Richard I. Hume
Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109-1048

P2X, receptors from rats show potentiation when a submaximal concentration of ATP is combined with zinc in the range of 10-100 pum.
Alignment of the amino acid sequences of human P2X, (hP2X,) and rat P2X, (rP2X, ) indicated that only one of two histidines essential
for zinc potentiation in rP2X, is present at the homologous position in hP2X, (H132), with the position homologous to rat H213 instead
having an arginine (R225). When expressed in Xenopus oocytes, mouse P2X,, and P2X,, receptors showed zinc potentiation indistin-
guishable from rat P2X,,, but hP2X,, receptors were inhibited by zinc. The extent of zinc inhibition of hP2X,, varied with the ATP
concentration, with an IC,, of 8.4 um zinc when ATP was applied at 10% of maximal and 87 um zinc when ATP was applied at 99% of
maximal. Site-directed mutagenesis showed that none of the nine histidines in the extracellular domain of hP2X,, were required for zinc
inhibition, although inhibition was attenuated in the H204A and H209A mutations. Mutating R225 to a cysteine was sufficient to confer
zinc potentiation onto hP2X,, , and zinc potentiation was absent in the hP2X, H132A/R225C double mutant. This suggests that zinc
potentiation in the mutant hP2X,, uses the same mechanism as zinc potentiation in wild-type rP2X,,. Because of the species-specific
modulation by zinc, evidence for an in vivo role of P2X, receptors based on studies conducted on genetically modified mice needs to be

viewed with caution when extrapolations are made to the function of the human nervous system.
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Introduction

P2X receptors mediate fast neurotransmission by ATP in the ner-
vous system (Burnstock, 2007). The P2X, subunit is distributed
widely throughout the CNS and PNS, as well as in many non-
neuronal cell types (Gever et al., 2006). P2X, subunits of mice
have been shown to play a role in pain transmission (Cockayne et
al., 2005), mediation of ventilatory responses to hypoxia (Rong et
al., 2003), and peristalsis of the small intestine (Ren et al., 2003).
Additionally, the P2X,,; heteromeric receptor is likely involved in
regulation of urinary bladder reflexes (Cockayne et al., 2005),
pain transmission (Cockayne et al., 2005), and taste sensation
(Finger et al., 2005).

When expressed in heterologous cell types, rat P2X,, receptors
(rP2X,) have a biphasic response to the modulator zinc. In the
presence of low ATP, zinc concentrations below 100 uMm poten-
tiate current and zinc concentrations higher than 100 uMm inhibit
current (Nakazawa and Ohno, 1996; Nakazawa et al., 1997; Wild-
man et al., 1998; Clyne et al., 2002b; Lorca et al., 2005). Both
effects of zinc are likely to be through direct interaction with the
channel (Clyne et al., 2002b).

Studies of the effects of zinc on native cells likely to be express-
ing P2X, receptors have different results depending on the species
(Zhong et al., 2001). Experiments on sensory neurons from rats
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and mice (Li et al., 1993; Dunn et al., 2001) showed potentiation
of ATP-elicited current when extracellular zinc was applied.
However, experiments on guinea pigs and bullfrogs showed in-
hibition of current with application of zinc (Li et al., 1997; Zhong
et al., 2001; Kanjhan et al., 2003).

It has been shown that two histidines in the extracellular do-
main of rP2X, (H120 and H213) are required for zinc potentia-
tion of the receptor and likely directly coordinate zinc (Clyne et
al., 2002b; Nagaya et al., 2005). Both histidines are also present in
mouse P2X, and may therefore be responsible for zinc potentia-
tion of ATP-evoked current in native mouse receptors (Dunn et
al., 2001). However, neither histidine is present in the analogous
positions in guinea pig or Xenopus tropicalis P2X,. This might
explain the presence of only inhibition by zinc (rather than po-
tentiation at low doses and inhibition at high doses of zinc) in
native guinea pig and frog P2X neurons.

In human P2X, receptors (hP2X,), there is a histidine at the
position homologous to rat H120, but hP2X, has an arginine at
the position homologous to rat H213. For this reason, it was
important to know whether hP2X, would potentiate to zinc. We
therefore tested wild-type hP2X, as well as a number of site-
directed mutants of rat and human P2X,, for responses to zinc as
well as acidic pH (King et al., 1997; Wildman et al., 1997; Clyne et
al., 2002b) and negative membrane potential (Zhou and Hume,
1998; Ding and Sachs, 1999), which are also modulators of rP2X,
activity. We also tested the effect of zinc on the P2X,, and P2X,,
splice variants of mouse P2X,.

Materials and Methods

The general methods for expressing and characterizing P2X receptors in
Xenopus oocytes and for inhibiting cysteine mutants with methanethio-
sulfonate reagents have been described by Nagaya et al. (2005). Addi-
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tional experimental protocols specific to the ex-
periments of the current study are described
here.

Expression of P2X, receptors in Xenopus 0o-
cytes. All studies on rP2X, used constructs de-
rived from the ¢cDNA originally isolated by
Brake et al. (1994), which was later shown to
represent the rP2X,, splice variant. We pur-
chased hP2X,; cDNA in the Gateway entrance
vector pENTR 221 (Invitrogen) and subcloned
itinto the Gateway destination vector pDEST17
using the LR Clonase II enzyme kit (Invitro-
gen). We obtained cDNAs encoding mouse
P2X,, and P2X,; from Taka-aki Koshimizu
(Kyoto University, Kyoto, Japan).

We made site-directed mutant receptors as
described previously (Tittle et al., 2007). Con-
structs were expressed by injecting RNA or by
injecting plasmids with T7 RNA polymerase
recognition sequences upstream of the coding
region for P2X, together with T7 polymerase
(Tokmakov et al., 2006). The concentration of
RNA or DNA injected for each construct was
chosen so that the peak currents in response to
saturating ATP would be expected to be —2 to
—20 pA at —50 mV. This was typically substan-
tially less nucleic acid than necessary to produce
maximal expression. For this reason, the peak
amplitude of currents cannot be compared be-
tween different experiments.

Preparation of zinc containing solutions. The
standard recording solutions used were as de-
scribed previously (Tittle et al., 2007). For zinc
concentrations in the micromolar range, we
added the appropriate amount of ZnCl, from a
concentrated stock solution. However, because
zinc is often present as a contaminant in the
salts used to make physiological solutions, to
test the responses of hP2X, in the nanomolar
range, we used mixtures of tricine and zinc to
set the zinc concentration (Paoletti et al., 1997).
We added 10 mm tricine to our standard re-
cording solution containing 0, 0.26 uM, 2.6 M,
26 uM, 254 uM, and 5 mum zinc for a final ap-
proximate concentration of 0 nm, 1 nM, 10 nm,
100 nM, 1000 nm, and 20 M, respectively.

Tittle and Hume e Modulation of Human P2X, by Zinc

>

- M hP2X g, hP2X2p
2 4 o P2X3,
5
E s
=
&)
T 2
g 10s
- 1
Low ATP
o = . Low ATP + 20 uM zinc
1 10 100 Emm High ATP
[ATP] (uM)
C mP2X24 mP2Xop

Figure1. Effect of ATP and zincon human and rat P2X, receptors. A, ATP concentration—response relationships for human and
rat P2X,. Response of oocytes expressing wild-type rP2X,, or wild-type hP2X,, to increasing concentrations of ATP. Data are the
average = SEM for six oocytes expressing each construct. B, Response of oocytes expressing wild-type rP2X,, receptors and
wild-type hP2X,, receptors to ATP in the presence and absence of 20 wm zinc. In each trace, the first bar (light gray) indicates the
time thata low concentration of ATP (approximately the EC, ) was applied, the second bar (dark gray) indicates the time the same
low concentration of ATP but with 20 m zinc was applied, and the third bar (black) indicates the time that a solution containing
a high concentration of ATP that elicited the maximal response was applied. The difference between the amplitude of the current
in the presence of zinc and the dotted line extending from the “Low ATP" portion of the trace indicates the amplitude of the zinc
modulation, which was quantified as a zinc effect ratio as described in Materials and Methods. For these two traces, the zinc effect
ratios were 7.2and —0.7, respectively. The concentrations of ATP used were as follows: rP2X,: low, 5 um; high, 500 pum; hP2X,,:
low, 2.5 wm; high, 500 . €, Response of oocytes expressing wild-type mP2X,, receptors and wild-type mP2X,, receptors to ATP
in the presence and absence of 20 m zinc. The bars above the traces and the dotted lines have the same meaning as in B. The
dashed lines below the “High ATP” traces provide reference points to help visualize the difference in the extent of desensitization
of these two splice variants. In these traces, the “High ATP” application was given after a period of incubation in recording solution
alone rather than immediately after the “Low ATP plus 20 um zinc” application to avoid measurement errors resulting from the
different rates of desensitization in mP2X,, and mP2X,,.. For both constructs, low ATP was 20 wm, and high ATP was 500 .
Based on the average concentration—response relationships, at this relatively low level of expression, 500 um was ~88% of the
maximal possible response of both mP2X,, and P2X,,.. Because no difference was found between the a and b splice variants of the
mouse P2X, receptor, in the rest of the figures the constructs are simply labeled rP2X, or hP2X,.

the response to low ATP alone. We rejected any trials for which the

Quantitative analysis of zinc modulation and pH modulation. In our
previous work on zinc potentiation in rP2X, (Tittle et al., 2007; Friday
and Hume, 2008), the effect was quantified by calculating a zinc poten-
tiation ratio. In the current study, in which both potentiation and inhi-
bition were observed, we refer to the result calculated using this same
equation as the zinc effect ratio. The equation used was as follows:

Current to low ATP + zinc
Current to low ATP

zinc effect ratio =

When thelow ATP concentration was at the EC,,, the maximum possible
value for the zinc effect ratio was 9.0, and, for receptors with complete
inhibition by zinc, the minimum possible value for the zinc effect ratio
was —1.0. A receptor with neither potentiation nor inhibition would give
a ratio of 0.0.

Modulation by protons was quantified in a manner similar to zinc
modulation by calculating a pH effect ratio using the following equation:

Current to low ATP at pH 6.5 )
Current to low ATPatpH 7.5

pH effect ratio =

To ensure that we were studying the response to zinc or pH at alow ATP
concentration near the EC,, for ATP, we also applied a concentration of
ATP to each oocyte, which elicited a maximal response, and compared

measured EC value was above or below 5 and 15% of maximum. Fur-
thermore, for each mutant, the average EC value across each group of
oocytes was between 8 and 12% of maximum.

Significance between experimental and control groups of oocytes was
calculated using the two tailed, unpaired ¢ test function of Excel (Mi-
crosoft), with significance taken to be p < 0.01.

Determination of ECs, and ICs, values. To calculate ATP concentra-
tion—response relationships, oocytes were tested with an ascending series
of ATP concentrations. Current amplitudes from each oocyte were then
fit to the three-parameter Hill equation:

Maximal response* [ATP]Mill Coefficient
Hill Coefficient Hill Coefficient >
[ATP] + EC
50

Response =

using the curve fitting routine of SigmaPlot 8.0. The data reported in text
for the EC;,, and Hill coefficients are the average of these data = SEM. For
graphing concentration—response relationships, the response of each oo-
cyte was typically normalized to a maximum value of 100% based on the
curve fit, and then the average of the normalized amplitudes was plot-
ted = SEM.

To calculate zinc concentration—response relationships for zinc inhi-
bition, oocytes were tested first with ATP alone, then with an ascending
series of zinc solutions mixed with the same concentration of ATP, and
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Figure 2.  hP2X, was inhibited by zinc at all concentrations tested. Zinc concentration—

response relationships for oocytes expressing wild-type rP2X, or wild-type hP2X,. A, B, Repre-
sentative responses to ascending concentrations of zinc in the continuous presence of ATP at
approximately the EC,,. The response of each oocyte to a maximal concentration of ATP is
shown to the left. The boxed trace in B shows the same zinc concentration—response relation-
ship for wild-type hP2X; as in the unboxed trace but on a 10-fold larger current scale.

then with maximal ATP (to verify where on the concentration-response
relationship the initial application of ATP actually was). In most experi-
ments, the initial ATP concentration was chosen to be near EC,,,, but, in
some experiments, ATP at the EC, or EC,, was used. Current ampli-
tudes from each oocyte were then fit to the four-parameter Hill equation:

Response = Response with no zinc +

I Coefficient

(Response with saturating zinc — Response with no zinc) *[zinc]"!
[ZinC] Hill Coefficient + ICSOH‘" Coefficient >

using the curve fitting routine of SigmaPlot 8.0. For experiments using
ECyy ATP, we observed desensitization during the protocol. To account
for this, each oocyte was also exposed to high ATP alone in the absence of
zinc for a duration equal to the length of the original protocol. This
control high ATP protocol was applied either before or after the high
ATP and ascending zinc protocol, and desensitization observed in the
control trace was assumed to be equivalent to that in the zinc concentra-
tion—response protocol and added before fitting the curve. For graphing
concentration—response relationships, the response of each oocyte was
normalized to a maximum value of 100% based on the amplitude of the
response to the initial concentration of ATP without zinc, and then the
average of the normalized amplitudes was plotted = SEM.
Determination of voltage dependence of P2X, gating. Three paradigms
were used to assess the voltage dependence of channel gating. The first
approach used voltage steps, the second approach used voltage ramps,
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and the third approach assessed the concentration—response relationship
at five different membrane potentials. In all approaches, the currents in
the absence of ATP were subtracted from the currents in the presence of
ATP to obtain the ATP activated current in isolation.

In the voltage step and voltage ramp protocols, the flow of ATP was
initiated long enough before the onset of the voltage change so that it had
reached steady state at the initial holding potential. Furthermore, be-
cause both rectification to voltage ramps and the time-dependent relax-
ations of current to voltage steps varied with the concentration of ATP,
for each experiment the ATP concentration is specified.

In the voltage step protocol, membrane potential was stepped from
—50to —100 mV. Because of the large capacitance of the oocytes and the
need to turn on the integrator of the Turbotec-03 to maintain clamp of
the large ATP-activated currents, the voltage-clamp steps required a few
milliseconds to reach their final value. We therefore ignored any time-
dependent changes in the first 10 ms of the current response (which were
as likely to reflect the settling of the clamp as any change in conductance).
We fit a single-exponential function to any time-dependent currents
visible after 10 ms.

In the voltage ramp protocol, we applied slowly rising ramps lasting 2 s
(typically 0.8 mV/ms beginning at —100 mV) to produce a quasi-steady-
state current—voltage relationship. This approach allowed us to rapidly
determine the reversal potential (which was defined as the most negative
potential at which no inward current was detected) and the amount of
inward rectification (which was defined as the ratio of the magnitude of
current 50 mV positive and 50 mV negative to the reversal potential).
Thus, a strongly inwardly rectifying channel would have a rectification
index of near 0, and a cell that did not rectify would have a rectification
index of 1.

Results

Zinc inhibition of hP2X,

To study modulation of P2X, receptors, it is essential that one be
at a known point on the ATP concentration—response relation-
ship. We thus began our study of hP2X, by comparing the ATP
concentration—response relationships of rP2X, and hP2X, ex-
pressed in Xenopus oocytes voltage clamped at —50 mV (Fig. 1 A).
Because the EC5, 0of rP2X, can vary from <10 to >50 uMm depend-
ing on the level of expression (Clyne et al., 2003; Fujiwara and
Kubo, 2004), we injected concentrations of RNA that produced
similar peak currents in oocytes expressing rP2X,, and hP2X,,
(rat, 3.6 = 0.3 wA; human, 3.9 = 0.2 uA; n = 6 for each). Under
these conditions, the Hill coefficients were nearly the same (rat,
1.8 £ 0.1; human, 1.6 = 0.1). However, the EC;, for hP2X,, was
substantially lower than that for rP2X,, (rat, 25.7 = 1.0 um;
human, 9.0 = 0.2 um).

Zinc produces a biphasic modulatory response of ATP-
elicited current in rP2X, receptors (Wildman et al., 1998; Clyne et
al., 2002b). In a previous study, we determined that 20 uM zinc
was the highest concentration of zinc that produced potentiation
of current without apparent inhibition of current (Clyne et al.,
2002b). This concentration of zinc is also in line with current
estimates of physiological zinc concentrations at synapses after
vesicular release (Frederickson et al., 2005). Therefore, in our
initial tests of hP2X,, we applied a low concentration of ATP near
the expected EC,, followed by the same concentration of ATP
together with 20 uM zing, followed by a high concentration of
ATP alone to verify that the low concentration of ATP tested on
that oocyte was close to the EC,,. We found that 20 um zinc,
which elicited robust potentiation of current in rP2X,, (zinc ef-
fect ratio, 7.5 *£ 0.2; n = 6), inhibited current in hP2X,, (zinc
effect ratio, —0.7 = 0.01; n = 12) (Fig. 1 B).

Human cDNAs encoding P2X, were cloned in 1999 from pan-
creas and pituitary RNA (Lynch et al., 1999). This initial cloning
reported that four different splice variants of hP2X, mRNA
(P2X,,-P2X,,) are expressed and subsequent analysis has re-
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vealed two additional splice variants
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previously (Koshimizu et al., 2006), these
isoforms differed in the extent of desensi-
tization to high ATP (Fig. 1C). After 60 s of
500 um ATP, the currents from oocytes
expressing mouse P2X,, (mP2X,,) were
still nearly as large as the peak response
(86 = 2%; n = 6), whereas the currents
from oocytes expressing mP2X,, had
fallen to less than half of their peak ampli-
tude (48 = 2%; n = 4). Both the mP2X,, and mP2X,, isoforms
showed robust potentiation to 20 uM zinc (Fig. 1C) when ATP
was applied near the EC,, (for mP2X,, the average concentration
of low ATP tested was 8.4% of maximal = 0.7%, N = 10 and for
mP2X,, the average concentration of low ATP tested was 8.1% of
maximal * 1.0%; n = 8). The average zinc effect ratios were
12.7 = 1.0 (n = 10) for mP2X,, and 11.0 = 0.6 (n = 8) for
mP2X,,, which did not differ from each other, nor from rP2X,,
studied under similar conditions. These results were not surpris-
ing, because we were adding zinc to the outside of the cell and the
extracellular domains of the mP2X,, and mP2X,, are identical.
Furthermore, the extracellular domain of rP2X, differs from
mP2X, only at six amino acids, none of which are near the sites
identified in the rat as essential for zinc potentiation (see Fig. 10).
Because of this evidence that zinc responsiveness was indepen-
dent of whether the a or b splice variant was present, for the rest of
this paper we will refer to rP2X,, and hP2X,, simply as rP2X, and
hP2X,.

Exposure of human and rat P2X, receptors to a range of zinc
concentrations (Fig. 2) confirmed that the lack of zinc potentia-
tion in hP2X, was not a consequence of the specific zinc concen-
tration selected for the initial studies. In addition to the concen-
trations illustrated, we also tested much lower concentrations of
zinc on hP2X, in the presence of tricine (see Materials and Meth-
ods), because some neurotransmitter-gated ion channels re-
spond to zinc in the nanomolar range (Laube et al., 1995; Paoletti
etal.,, 1997). We found no evidence of a potentiating effect of zinc
on hP2X, at any concentration of zinc tested.

We compared the properties of wild-type hP2X, with mutant
versions of rP2X, that lacked the ability to respond to zinc with

rP2X,H213R. The concentrations of ATP used were as follows: rP2X,H213A: low, 10 tm; high, 1000 wum; rP2X,H213R: low, 6 tum;
high, 500 um. B, The zinc concentration—response relationship for oocytes expressing rP2X,H213R and wild-type hP2X, receptors
based on experiments like those shown in Figure 2. The ATP concentration used was approximately the EC,  for each oocyte tested.
For rP2X,H213R, the ATP concentration used was 4.5 m, whereas for wild-type hP2X, the ATP concentration used was 2.5 .
(, The zinc concentration—response relationship for oocytes expressing wild-type hP2X; at different concentrations of ATP. The
ATP concentration used was approximately the EC,, ECc,, or ECy, for each oocyte tested. The average concentrations of ATP
applied to oocytes were as follows: EC,, 2.5 um; ECsq, 7.6 um; ECqq, 500 pum. D, Lack of effect of membrane potential on zinc
inhibition of hP2X,. Data are the average = SEM for five oocytes tested with 20 um zinc at the EC,, for ATP.

potentiation. It had been shown previously (Clyne et al., 2002b)
that the rP2X, mutant receptor H213A has no potentiating re-
sponse to zinc, and we replicated this result (zinc effect ratio of
—0.1 £ 0.03; n = 6). However, the inhibitory effect of 20 uM zinc
on the rP2X,H213A mutant was extremely small when compared
with that of hP2X,, because the ICy, of this rP2X, mutant is over
100 um (Clyne et al., 2002b). To determine whether the arginine
in hP2X, at the analogous position to H213 of the rat receptor
was responsible for the enhanced zinc inhibition, we made the
rP2X, mutant receptor H213R and tested its response to 20 um
zinc. The response of rP2X,H213R to zinc (zinc effect ratio,
—0.1 = 0.01; n = 6) was not significantly different from that of
rP2X,H213A (Fig. 3A). The IC;, for zinc at EC,, concentrations
of ATP for rH213R was 125.4 uM zinc (n = 5), whereas the ICs,
for zinc at EC,, concentrations of ATP for hP2X, was 8.4 uM zinc
(n = 6) (Fig. 3B).

We also tested the concentration—response relationship for
zinc of hP2X, at ATP concentrations equal to the EC5, and ECgyq
for individual oocytes (Fig. 3C). With greater concentrations of
ATP, the ICs, for zinc increased (zinc ICs, at EC5y ATP, 21.9 um
zing, n = 6; zinc ICy, at ECyq ATP, 86.6 uM zinc; nn = 6). Although
at the EC,, for ATP the current was eventually predicted to de-
crease to near 0 as the concentration of zinc was increased (min-
imum current prediction, 3.6% of maximum), the predicted
minimum current in the presence of EC5, ATP was 5.4% of max-
imum, and the predicted minimum current in the presence of
ECo9 ATP was 29.3% of maximum. The shift in the response to
zinc as the ATP concentration was increased indicated that the
mechanism of inhibition is likely to be allosteric rather than by a
noncompetitive mechanism, such as channel blocking. A second
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Figure 4.  Responses of hP2X, mutants at sites required for zinc potentiation in rP2X,. The
low concentrations of ATP used were as follows: hP2X,R225A, 5 um; hP2X,R225H, 4 um;
hP2X,R225C, 5.2 jum; hP2X,D148A, 1.5 wum; hP2X,H132A/R225C, 10 wum. In all panels, the
concentration of high ATP was 500 wm.

line of evidence that the inhibitory action of zinc was not attrib-
utable to channel block was that the inhibition was independent
of membrane potential (Fig. 3D).

Role of candidate amino acids in zinc responses of hP2X,

In rP2X,, histidines at both 120 and 213 are necessary for zinc
potentiation (Clyne et al., 2002b). Might the residue at either of
these positions in hP2X, play a role in zinc inhibition? When
R225 (the residue at the equivalent position to rat H213) was
mutated to alanine to produce the mutant hP2X,R225A (Fig.
4 A), zinc inhibition was no different from wild-type hP2X, (zinc
effect ratio, —0.6 = 0.01; n = 6). However, when R225 was mu-
tated to histidine, which mimics the residue present in the rP2X,,
the hP2X,R225H mutant showed significantly less inhibition
than in wild-type hP2X, (zinc effect ratio, —0.2 £ 0.02; n = 6)
(Fig. 4B). Although a zinc effect ratio below 0 is not considered
potentiation as we have defined it, this result suggested that this
receptor might have zinc binding to an rP2X,-like potentiating
zinc site that is being overwhelmed by the inhibitory action of
zinc at another site. We therefore made the mutant human recep-
tor hP2X,R225C because cysteines are also common amino acids
for zinc coordination (Auld, 2001). For this mutant, there was
clear zinc potentiation (zinc effect ratio, 1.3 * 0.01; n = 6) (Fig.
4C). Another mutant we tested for zinc potentiation was
hP2X,D148A (Fig. 4D). The homologous aspartate in rP2X,
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(D136) has been suggested to be a candidate for coordination of
zinc in the potentiating binding site (Friday and Hume, 2008).
However, its mutation to alanine did not affect the zinc effect
ratio in hP2X, (zinc effect ratio, —0.7 = 0.03; n = 5). We also
tested the double-mutant hP2X,H132A/R225C. The rationale
for this experiment was that, if replacing R225 with a cysteine
created a potentiating zinc binding site like that of rP2X,, then
mutating H132 to alanine should abolish the potentiation (be-
cause the homologous residue, rat H120, is essential for zinc
binding at the potentiating site). Indeed, this mutant showed no
sign of potentiation, with a zinc effect ratio like wild-type hP2X,
(zinc effect ratio, —0.7 = 0.1; n = 4) (Fig. 4E).

The most common residues at zinc binding sites are histidines
and cysteines (Auld, 2001). Because it seems likely that all of the
extracellular cysteines are linked in a network of disulfide bonds
(Clyne et al., 2002a; Ennion and Evans, 2002), we set out to
explore the possible role of the nine extracellular histidines of
hP2X, by mutating them one at a time to alanines. None were
essential for zinc inhibition (Fig. 5A), but two mutants
(hP2X,H204A and hP2X,H209A) had zinc effect ratios that in-
dicated that 20 um zinc produced significantly less inhibition in
these mutants than in wild-type hP2X, (Fig. 5B). Compared with
the value of ~8 uM zinc for wild-type hP2X,, the zinc concentra-
tion—response curve in the presence of EC,;, ATP was shifted to
the right for both mutants (IC5, of 20.3 uM zinc for
hP2X,H204A; IC,, of 30.3 uMm zinc for hP2X,H209A; n = 6 for
each). The double-mutant hP2X,H204A/H209A also showed a
decrease in zinc inhibition, but the magnitude of the change was
no greater than for the more affected of the two single mutants
(zinc effect ratio, —0.43 £ 0.03; n = 5)

To test whether H204 and/or H209 are required for normal
zinc inhibition because they contribute to zinc binding (rather
than altering receptor structure in a way that indirectly affects
zinc modulation), we made cysteine mutants at each of these
positions. The rationale for these experiments was that a cysteine
can often substitute for a histidine in binding zinc but that, if this
is the case, when a bulky thiol reactive reagent is then bound to
the cysteine, zinc should no longer be able to bind. Zinc inhibi-
tion of both hP2X,H204C and hP2X,H209C was attenuated by
2-(trimethylammonio)ethyl-methanethiosufonate (MTSET) (3
min of 100 uM, which was a saturating application), but substan-
tial zinc inhibition remained after treatment (for hP2X,H204C
pretreatment, zinc effect ratio of —0.79 = 0.03, n = 8; posttreat-
ment zinc effect ratio of —0.40 £ 0.04, n = 8; for hP2X,H209C,
pretreatment zinc effect ratio of —0.84 = 0.03, n = 8; posttreat-
ment zinc effect ratio of —0.53 * 0.03, n = 8). A simpler way to
describe the change in zinc inhibition, which we will use for the
rest of this paper, was to calculate the average change in the zinc
effect ratio. MTSET produced a positive shift in of +0.39 for
hP2X,H204C and +0.31 for P2X,H209C, but no change was
seen for wild-type hP2X, (mean shift of —0.03 = 0.02; 7 = 6). In
contrast, when oocytes were treated with recording solution con-
taining 1% DMSO (the final concentration present when MTSET
was added), the average changes in the zinc effect ratio were very
close to 0 (wild-type hP2X,, —0.01 = 0.01, n = 8; hP2X,H204C,
0.03 = 0.01, n = 7; hP2X,H209C, 0.05 = 0.04, n = 7), indicating
no effect of the vehicle alone on the zinc effect ratio.

For both hP2X,H204C and hP2X,H209C, in addition to the
change in the zinc effect ratio produced by MTSET treatment,
there was a substantial change in the amplitude of the currents
evoked by a maximum concentration of ATP after MTSET treat-
ment (Fig. 6). For wild-type hP2X,-expressing oocytes treated
only with the DMSO vehicle, the maximum currents were some-
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what smaller when a second application of A
high ATP was made 5 min after the initial
application (85 = 1.8%; n = 8), and the
effect of MTSET treatment was no greater
than this (83 = 4.0%; n = 7). When
hP2X,H204C was treated with MTSET,
the amplitude 5 min after the initial trial
(54 £ 3.6%; n = 10) was substantially
smaller than after DMSO alone (83 = 205
3.4%; n = 7). The same protocol gave a

very different result for hP2X,H209C. The

amplitude of the currents evoked by satu-

rating ATP were dramatically increased af-

ter MTSET treatment (to 443 = 34%; n =

15), although there was no change in the B

Hill coefficient of the concentration—re- o0
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sponse relationship and only a small
change in the EC;,, for ATP (8.7 = 0.3 um
before MTSET and 6.8 * 0.3 uM after MT- 02 1
SET; n = 6).

To test whether the effects of MTSET
were attributable to its positive charge, we
also determined the effects of the negatively
charged reagent MTSES. MTSES treatment
also attenuated the zinc inhibition of both
hP2X,H204C and hP2X,H209C (respec-
tively, the average changes in zinc effect ratio
were +0.19 £ 0.03,n = 6and +0.31 £ 0.03,
n = 8) but not wild-type hP2X, (—0.03 * it
0.02; n = 6). MTSES also produced a large
increase in the current to saturating ATP
from oocytes expressing hP2X,H209C (to
370 * 44%; n = 11) and a significant de-
crease in the current to saturating ATP from
oocytes expressing hP2X,H204C (to 49 *
24%;n=7).

Zinc Effect Ratio

Figure 5.

None of the nine histidines in the extracellular domain of hP2X, were required for zinc inhibition. A, Responses of
oocytes expressing hP2X, receptor mutants in which a single histidine of the extracellular domain was mutated to alanine. All
traces have been scaled so that the currents to low ATP are the same size. The dashed line indicates the typical amplitude of the
currents observed when wild-type hP2X, atits EC,, for ATP was treated with 20 umzinc. The low concentrations of ATP used were
as follows: hP2X,H90A, 4 wm; hP2X,H118A, 5 wm; hP2X,H132A, 3.5 um; hP2X,H204A, 2.4 pm; hP2X,H209A, 3.5 um;
hP2X,H229A, 4 um; hP2X,H257A, 4 pum; hP2X,H292A, 1.5 um; hP2X,H330A, 2.4 . In all panels, the concentration of high ATP
was 500 wm. B, Bar graph of average zinc effect ratios for wild-type hP2X, and all histidine to alanine mutant receptors listed in A.

The number of oocytes tested for each mutant ranged from 4 to 12. Asterisks indicate mutants that were significantly different

Effect of other modulators on hP2X,
A second modulator that has been studied
on rP2X, is acidic pH (King et al., 1997;
Wildman et al., 1997; Clyne et al., 2002b). Altering the pH of a
low ATP solution from 7.5 to 6.5 elicits potentiation of current
through rP2X, (Clyne etal., 2002b). We tested the effects of acidic
pH on ATP-elicited current in hP2X,. We found that, although
there was some potentiation of EC,, ATP-elicited current when
pH was shifted from 7.5 to 6.5, the potentiation was much less in
hP2X, than in rP2X, (pH effect ratio for rP2X,, 7.6 = 0.3,n = 7;
for hP2X,, 2.5 = 0.1, n = 5) (Fig. 7). It has been shown that the
rP2X, mutant H319A displays greatly reduced potentiation of
current in acidic pH, indicating that this histidine residue might
be responsible for coordinating protons (Clyne et al., 2002b). We
made the homologous mutant in hP2X, (H330A) and found that
this mutant receptor displayed no potentiation when exposed to
EC,, ATP in 6.5 pH solution (pH effect ratio, 0.0 = 0.1; n = 5).
A third modulator of rP2X, is membrane potential (Zhou and
Hume, 1998). When the membrane potential was stepped from
—50to —100 mV in the continuous presence of a low concentra-
tion of ATP (Fig. 8 A), the current jumped instantly to a larger
level, reflecting both an increase in driving force and an apparent
increase in the unitary conductance of the channels (Zhou and
Hume, 1998; Ding and Sachs, 1999). However, in addition to
these changes, there was an increase in the inward current that
occurred gradually, with a time constant of many tens of milli-

from wild type ( p < 0.01).

seconds that reflected the opening of additional channels. Con-
versely, when the membrane potential was jumped back to —50
mV, there was a slow component that reflected the closing of
some channels. In contrast, in hP2X,, no voltage-dependent re-
laxations were present over the temporal scale accessible with
two-electrode clamping of oocytes (Fig. 8 B). However, there was
avoltage dependence to the response of hP2X,, because there was
clearly strong inward rectification in the current—voltage rela-
tionship in response to ramp depolarizations in the presence of
low concentrations of ATP (Fig. 8C). As is the case for rP2X,, the
rectification in hP2X, was less when a saturating concentration of
ATP was used (Fig. 8 D). Another manifestation of the voltage-
dependent modulation of hP2X, was that the concentration—
response relationship varied systematically with membrane po-
tential (Fig. 9A). At more negative membrane potentials, the EC5,
decreased and the Hill coefficient increased (Fig. 9B, C).

Possible evolutionary origin of zinc potentiation in

P2X, receptors

The fact that zinc potentiation occurs in hP2X, when cysteine was
substituted for the arginine at the position equivalent to rat H213
and that this zinc potentiation could be eliminated when the
residue equivalent to rat H120 was mutated to alanine in the
hP2X,H132A/R225C double-mutant suggests that an rP2X,-like
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Figure6. Effect of MTSET on hP2X, mutants H204Cand H209C. A, Effect of MTSET treatment
(3minat 100 wm) on the response of an oocyte expressing hP2X,H204C. The low ATP was 3 um
and the high ATP was 500 wum. B, The response of the same oocyte in A after MTSET shown ona
different amplitude scale to allow the extent of zincinhibition to be more easily seen. C, Effect of
MTSET treatment (3 min at 100 1um) on the response of an oocyte expressing hP2X,H209C. The
low ATP was 3 m and the high ATP was 500 .
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Figure 7.  Potentiation to acidic pH in rP2X, and hP2X,. Response of oocytes expressing
wild-type rP2X, , wild-type hP2X,, and hP2X, mutant receptor H330A. In each trace, the first
bar (light gray) indicates the time that a low concentration of ATP (approximately the EC,) at
pH 7.5 was applied, the second bar (dark gray) indicates the time the same low concentration of
ATP at pH 6.5 was applied, and the third bar (black) indicates the time that a solution containing
a high concentration of ATP in pH 7.5 (which elicited the maximal response) was applied. The
concentrations of ATP used were as follows: wild-type rP2X, , low, 12 um; high, 500 pm; wild-
type hP2X,, low, 3 wm; high, 100 wum; hP2X, H330A, low, 2 um; high, 500 pum.

potentiating zinc binding site might have existed in the receptor
that was ancestral to both rP2X, and hP2X,, and that the two
proteins have retained a structural similarity through the region
despite the ~60 million years since the divergence from the last
common ancestor of rats and humans. To explore this issue, we
aligned the sequences of P2X, sequences from mammals along
with sequences from birds and amphibians (Fig. 10A). A histi-
dine at the position analogous to rat H213 is present in the ma-
jority of mammals, but arginines are also common. Based on a
statistical algorithm widely used in evolutionary biology to pre-
dict the most likely character state at the root of a phylogenetic
tree (Zhang and Nei, 1997), the posterior probability that the
mammalian ancestral residue at this position was histidine is 1.00
(i.e., any other ancestor is highly statistically unlikely). This
means that mutation to arginine occurred independently several
times in different mammalian lineages, including the one that
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produced humans. Although both rat and human P2X, have a
histidine residue at the position homologous to rP2X, 120, a
histidine at this position is not universal among other mammals.
Indeed, based on the same statistical algorithm, the most likely
residue present in this position in the ancestor of all mammals is
proline with a posterior probability of 0.996. It therefore was of
interest to test the H213P mutation in rP2X,. The rP2X,R120P
mutant expressed well in oocytes, with maximum currents in
excess of —50 pA at —50 mV after injection of saturating
amounts of RNA and had a concentration—response relationship
(ECs 0f 53 = 3.6 um; Hill coefficient, 1.69 * 0.05; n = 11) (Fig.
10 B) slightly right shifted from wild-type rP2X,. We found that
this mutant receptor showed no significant change in amplitude
when 20 uM zinc was added to a concentration of ATP at approx-
imately the EC,, (zinc effect ratio, 0.06 * 0.02, n = 14 compared
with 0.03 = 0.02, n = 5 when ATP without zinc was added from
a second tube) (Fig. 10C). Furthermore, lowering the ATP con-
centration to the EC, (which dramatically increases the zinc effect
ratio in wild-type rP2X,) or tripling the zinc concentration to 60
uM while the ATP concentration was kept near the EC,, showed
no zinc potentiation and indeed revealed only the zinc inhibition
characteristic of the low potency inhibitory site of the rat receptor
(zinc effect ratio, —0.09 = 0.05, n = 4 for EC; ATP with 20 um
zing; zinc effect ratio, —0.09 = 0.01, n = 5 for EC,, ATP with 60
uM zinc). Thus, a plausible scenario is that the P2X, receptor
present in the earliest mammals was at a tipping point, with only
a few mutations needed to create strong zinc potentiation as in
rats and mice, or to completely lack zinc potentiation as in
humans.

As far as the amino acids at these key positions in other mem-
bers of the P2X receptor family, the receptor most closely related
to P2X, is P2X; (North, 2002). The point of divergence between
these genes predates all known fish (which have both a P2X, and
aP2X,;). None of the available fish P2X, sequences has a proline at
the position equivalent to rat H120 or a histidine at the position
equivalent to rat H213 (these residues first appear in P2X, recep-
tors of amphibians and marsupials, respectively). Indeed, there is
such variety of amino acids at these positions in the fish P2X, and
P2X, receptors that it is not possible to infer the amino acids at
these positions in the last common ancestor to these two genes,
let alone to infer the ancestral sequence of the other five more
distantly related mammalian P2X receptors or the even more
distantly related P2X receptors of invertebrates and single-celled
organisms.

Discussion

Rat P2X, receptors exposed to low ATP show dramatic potenti-
ation when exposed to zinc concentrations of 10-100 uMm and
show inhibition to higher zinc concentrations (Nakazawa and
Ohno, 1996; Nakazawa et al., 1997; Wildman et al., 1998; Clyne et
al., 2002b). The mouse P2X, receptor has an amino acid sequence
identical to rP2X, in the region homologous to both rP2X,H120
and rP2X,H213, and mouse neurons known to express P2X,
receptors show potentiation to zinc (Dunn et al., 2001). It there-
fore was not a surprise that we found that mouse P2X, receptors
were also potentiated by 20 uM zinc. In contrast, we found that
hP2X, receptors do not potentiate when exposed to any concen-
tration of zinc and instead are profoundly inhibited by the same
range of zinc concentrations that potentiate rP2X, and mP2X,.
The inhibitory effect of zinc on hP2X, is ~10-fold more potent
than the zinc inhibition of rP2X, that is uncovered when residues
essential for zinc potentiation are eliminated by mutagenesis.
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Human P2X, receptors are also substan- A
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In rP2X,, neither the extracellular his- g 100
tidines (Clyne et al., 2002b) nor negatively = 0
charged glutamates and aspartates (Friday § i /L /L
and Hume, 2008) are required for low- 5
affinity zinc inhibition. Furthermore, if 1s
one accepts the circumstantial evidence Figure 8. Voltage-dependent modulation of hP2X,. 4, In rP2X,, there was a slow increase in ATP-dependent current after a

that all 10 extracellular cysteines form di-
sulfide bonds and are unavailable for zinc
binding (Clyne et al., 2002a; Ennion and
Evans, 2002), then all of the top candidates
based on other known zinc binding pro-
teins appear to have been eliminated.

In hP2X, we showed in the current
study that mutation of two of the nine ex-
tracellular histidines to alanines led to a significant attenuation of
zinc inhibition. In contrast, when cysteines were placed at these
sites, zinc inhibition was very similar to wild-type hP2X,. Fur-
thermore, when the hP2X,H204C or hP2X,H209C mutants were
challenged with MTSET, the zinc inhibition was attenuated.
Taken on their own, the ability of the cysteine mutants to sustain
full zinc inhibition and for MTSET treatment of these mutants to
partially attenuate zinc inhibition are consistent with the hypoth-
esis that these two histidines participate in an inhibitory zinc
binding site of hP2X, but that modifying either single residue is
insufficient to completely destroy the binding site. It is therefore
of potential interest that H204 is common to rat and human P2X,
receptors (the equivalent residue in the rat is H192), whereas
H209 is only found in hP2X, (the equivalent residue in the rat is
K197). However, several lines of evidence suggest another expla-
nation for these results. First, the modification of hP2X,H204C
and hP2X,H209C by MTSET produced large changes in the am-
plitude of the responses to ATP alone (a 50% decrease for
hP2X,H204C and a fivefold increase for hP2X,H209C), indicat-
ing that alterations in this region clearly had effects on processes
other than zinc inhibition. Second, MTSES was nearly as effective
as MTSET in producing changes to the zinc effect ratio of
hP2X,H204C and hP2X,H209C receptors, although if the effect
was at the zinc binding site, the charge of the adduct would have

step from —50to —100 mV and a slow decrease in the current when the potential was stepped back to —50 mV (arrows). B, No
such slow relaxations of current were visible when the same protocol was applied to hP2X,. For these particular oocytes, 5 pum ATP
represented approximately the EC,, concentration for both the rat and human receptors. €, Responses to a ramp depolarization
from —100 to +60 mV when a low concentration of ATP was present. Both rP2X, and hP2X, currents showed strong inward
rectification. D, The same cells asin Ctested with 500 wum ATP, which produced a maximal response. Both rP2X, and hP2X, currents
showed inward rectification that was less pronounced than when low ATP was used. These traces also demonstrate that, in these
particular cells studied at —50 mV, 5 um ATP was approximately the EC,, for both human and rat P2X.

been expected to make a difference because zinc is positively
charged. Finally, the double-mutant hP2X,H204A/H209A was
no more deficient in zinc inhibition than either single mutant,
although if both hP2X,H204 and hP2X,H209 contribute to the
zinc binding site, this mutant would have been expected to be
much more severely affected. From these results, we conclude
that it is most likely that modification of the hP2X, receptor at
positions H204 and H209 altered zinc inhibition indirectly and
that the residues responsible for binding zinc to produce inhibi-
tion are yet to be identified.

There are at least two caveats to the conclusion that all the
most obvious candidates for involvement in the inhibitory zinc
binding sites have been tested and excluded. First, in the studies
of inhibition of rP2X,, the higher-affinity zinc potentiation site
was left intact, so if removal of each residue contributing to the
inhibitory zinc site has only a small effect, it might have been
masked. Second, the evidence that all cysteines are in disulfide
bonds is indirect and has recently been questioned for P2X,
(Coddou et al., 2007). It would therefore be of considerable in-
terest to apply more direct biochemical methods to determine
conclusively whether all 10 cysteines are in disulfide bonds and, if
not, to carefully test their potential role in binding zinc at the
inhibitory sites of rP2X, and hP2X,.
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Figure 9. Effect of membrane potential on the concentration—response relationship of
hP2X,. A, Average concentration—response relationship for oocytes clamped at the indicated
membrane potentials. The amplitude of responses at each potential were normalized to the
amplitude of the maximum response obtained at that potential before the data for different
oocytes were averaged. The dashed line indicates the half-maximal response. B, Average ECy
for ATP at each membrane potential. ¢, Average Hill coefficient at each membrane potential.
n = 5forall three panels.

Potential physiological role of zinc modulation of

P2X, receptors

Because zinc has opposite effects on human and rat P2X, recep-
tors in vitro, it likely has opposite effects on cells expressing P2X,
receptors in living rats and humans. Zinc is sequestered into the
axonal boutons of some neurons and is released after synaptic
stimulation (Frederickson et al., 2005). Estimates of the resulting
concentration of free zinc present in the synapse are between 10
and 30 uMm (Frederickson et al., 2005). The concentration of ATP
in the synapse after vesicular release has been estimated at be-
tween 5 and 500 um (Pankratov et al., 2006). If we take 100 um
ATP as a typical value, then the effect of zinc on any rat or human
P2X, receptors directly postsynaptic to a nerve terminal releasing
ATP would be very different. In the rat, if the zinc concentration
reached 20 uM (the concentration that produces optimal poten-
tiation for low ATP), one would expect it to have little modula-
tory effect on rP2X, because, at saturating ATP, zinc binding does
not increase current beyond that elicited by high ATP alone
(Clyne et al., 2002b). In contrast, if the zinc reached 20 uM at
human synapses using hP2X,, the zinc present would attenuate
the ATP response to ~80% of its value in the absence of zinc. For
perisynaptic P2X, receptors, in which the concentration of ATP is
expected to be lower than at the synapse itself, zinc would likely
have more dramatic and opposite effects on rP2X, and hP2X,.
For instance, if the ATP concentration were 2 uM (approximately
the EC, for rP2X, and the EC, for hP2X,), then 20 uM zinc would
increase the current through rP2X, by >20-fold and attenuate
current through hP2X, to ~20% of its value in the absence of
zinc. Among the parts of the nervous system that contain both
zinc-containing neurons and P2X, receptors are the hippocam-
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pus, cerebral cortex, and spinal cord (Smart et al., 1994; Kanjhan
et al., 1999; Frederickson et al., 2005). When zinc is applied to
cultured rat spinal neurons, it elicits an increase in the frequency
of IPSCs through potentiation of presynaptic P2X, responses
(Laube, 2002). Our results suggest that this phenomenon would
not occur in humans.

Transgenic, knock-out, and knock-in mouse models are fre-
quently used to assess the role of specific molecules in normal
physiology and to model human diseases. Because human and
mouse P2X, receptors respond oppositely to zinc, hypothesized
actions of P2X, receptors that are based on experimental evi-
dence from mice or rats must be carefully scrutinized for their
relevance to the physiology of the human nervous system.

References

Auld DS (2001) Zinc coordination sphere in biochemical zinc sites. Biomet-
als 14:271-313.

Brake AJ, Wagenbach MJ, Julius D (1994) New structural motif for ligand-
gated ion channels defined by an ionotropic ATP receptor. Nature 371:
519-523.

Brandle U, Spielmanns P, Osteroth R, Sim J, Surprenant A, Buell G, Ruppers-
berg JP, Plinkert PK, Zenner HP, Glowatzki E (1997) Desensitization of
the P2X(2) receptor controlled by alternative splicing. FEBS Lett 404:
294-298.

Burnstock G (2007) Physiology and pathophysiology of purinergic neuro-
transmission. Physiol Rev 87:659-797.

Clyne JD, Wang LF, Hume RI (2002a) Mutational analysis of the conserved
cysteines of the rat P2X2 purinoceptor. ] Neurosci 22:3873-3880.

Clyne JD, LaPointe LD, Hume RI (2002b) The role of histidine residues in
modulation of the rat P2X(2) purinoceptor by zinc and pH. J Physiol
539:347-359.

Clyne JD, Brown TC, Hume RI (2003) Expression level dependent changes
in the properties of P2X2 receptors. Neuropharmacology 44:403—412.

Cockayne DA, Dunn PM, Zhong Y, Rong W, Hamilton SG, Knight GE, Ruan
HZ, Ma B, Yip P, Nunn P, McMahon SB, Burnstock G, Ford AP (2005)
P2X2 knockout mice and P2X2/P2X3 double knockout mice reveal a role
for the P2X2 receptor subunit in mediating multiple sensory effects of
ATP. ] Physiol 567:621-639.

Coddou C, Acuna-Castillo C, Bull P, Huidobro-Toro JP (2007) Dissecting
the facilitator and inhibitor allosteric metal sites of the P2X4 receptor
channel: critical roles of CYS132 for zinc potentiation and ASP138 for
copper inhibition. ] Biol Chem 282:36879-36886.

Ding S, Sachs F (1999) Ion permeation and block of P2X, purinoceptors:
single channel recordings. ] Membr Biol 172:215-223.

Dunn PM, Zhong Y, Burnstock G (2001) P2X receptors in peripheral neu-
rons. Prog Neurobiol 65:107-134.

Ennion SJ, Evans R] (2002) Conserved cysteine residues in the extracellular
loop of the human P2X, receptor form disulfide bonds and are involved in
receptor trafficking to the cell surface. Mol Pharmacol 61:303-311.

Finger TE, Danilova V, Barrows J, Bartel DL, Vigers AJ, Stone L, Hellekant G,
Kinnamon SC (2005) ATP signaling is crucial for communication from
taste buds to gustatory nerves. Science 310:1495-1499.

Frederickson CJ, Koh JY, Bush AI (2005) The neurobiology of zinc in health
and disease. Nat Rev Neurosci 6:449—462.

Friday SC, Hume RI (2008) Contribution of extracellular negatively
charged residues to ATP action and zinc modulation of rat P2X, recep-
tors. ] Neurochem 105:1264-1275.

Fujiwara Y, Kubo Y (2004) Density-dependent changes of the pore proper-
ties of the P2X2 receptor channel. ] Physiol 558:31—43.

Gever JR, Cockayne DA, Dillon MP, Burnstock G, Ford AP (2006) Pharma-
cology of P2X channels. Pflugers Arch 452:513-537.

Kanjhan R, Housley GD, Burton LD, Christie DL, Kippenberger A, Thorne
PR, Luo L, Ryan AF (1999) Distribution of the P2X2 receptor subunit of
the ATP-gated ion channels in the rat central nervous system. ] Comp
Neurol 407:11-32.

Kanjhan R, Raybould NP, Jagger DJ, Greenwood D, Housley GD (2003)
Allosteric modulation of native cochlear P2X receptors: insights from
comparison with recombinant P2X2 receptors. Audiol Neurootol
8:115-128.

King BF, Wildman SS, Ziganshina LE, Pintor J, Burnstock G (1997) Effects



11140 - J. Neurosci., October 29, 2008 - 28(44):11131-11140

of extracellular pH on agonism and antago-
nism at a recombinant P2X2 receptor. Br ]
Pharmacol 121:1445-1453.

Koshimizu TA, Kretschmannova K, He ML, Ueno S,
Tanoue A, Yanagihara N, Stojilkovic SS, Tsuji-
moto G (2006) Carboxyl-terminal splicing en-
hances physical interactions between the cyto-
plasmic tails of purinergic P2X receptors. Mol
Pharmacol 69:1588—-1598.

Laube B (2002) Potentiation of inhibitory gly-
cinergic neurotransmission by Zn”": a syner-
gistic interplay between presynaptic P2X2 and
postsynaptic glycine receptors. Eur ] Neurosci
16:1025-1036.

Laube B, Kuhse J, Rundstrém N, Kirsch J, Schmieden
V, Betz H (1995) Modulation by zinc ions of
native rat and recombinant human inhibitory
glycine receptors. ] Physiol 483:613—619.

Li C, Peoples RW, Li Z, Weight FF (1993) Zn**
potentiates excitatory action of ATP on mam-
malian neurons. Proc Natl Acad Sci USA
90:8264—-8267.

Li C, Peoples RW, Weight FF (1997) Inhibition of
ATP-activated current by zinc in dorsal root gan-
glion neurones of bullfrog. ] Physiol 505:641—653.

Lorca RA, Coddou C, Gazitta MC, Bull P, Arre-
dondo C, Huidobro-Toro JP (2005) Extracel-
lular histidine residues identify common struc-
tural determinants in the copper/zinc P2X2
receptor modulation. ] Neurochem 95:499-512.

Lynch KJ, Touma E, Niforatos W, Kage KL, Bur-
gard EC, van Biesen T, Kowaluk EA, Jarvis MF
(1999) Molecular and functional character-
ization of human P2X(2) receptors. Mol Phar-
macol 56:1171-1181.

Nagaya N, Tittle RK, Saar N, Dellal SS, Hume RI
(2005) An intersubunit zinc binding site in rat
P2X2 receptors. ] Biol Chem 280:25982-25993.

Nakazawa K, Ohno Y (1996) Dopamine and
5-hydroxytryptamine selectively potentiate
neuronal type ATP receptor channels. Eur
] Pharmacol 296:119-122.

Nakazawa K, Liu M, Inoue K, Ohno Y (1997) pH
dependence of facilitation by neurotransmit-
ters and divalent cations of P2X2 purinocep-
tor/channels. Eur ] Pharmacol 337:309-314.

North RA (2002) Molecular physiology of P2X
receptors. Physiol Rev 82:1013-1067.

Pankratov Y, Lalo U, Verkhratsky A, North RA
(2006) Vesicular release of ATP at central syn-
apses. Pflugers Arch 452:589-597.

Paoletti P, Ascher P, Neyton ] (1997) High-
affinity zinc inhibition of NMDA NR1-NR2A
receptors. ] Neurosci 17:5711-5725.

Ren J, Bian X, DeVries M, Schnegelsberg B, Cock-
ayne DA, Ford AP, Galligan JJ (2003) P2X2

Tittle and Hume e Modulation of Human P2X, by Zinc

A 120 213
frog CPESRTV|PINAC frog Q- -GFLRIN[CTY
chicken C----QG|PISAC chicken AESHYLKI|S|ICTF
opossum CPXSIRI|RINAC opossum YDNDYLK|H|CTF
bat XX XXX XXX X xXx bat RKDGYLK|H|[CLF
shrew CPESARV|RINAC shrew LKDGYLK|H|CTF
tenrec CPESIRVI|SINAC tenrec RKDNYLK|HICTF
dog CPESVRV|SINAC dog RKDGYLK|H|CTF
cat XXXXXXX|X] X XX cat RKDGYLK|R|CTF
cow CAESMRVI|S[NAC cow RKGGYLK|H|[CTF
horse CPESMRV|N[NAC horse RKDGYLK|R|[CTF
rabbit CPESIRV|IPINAC rabbit RKDNYLKI|R|CTF
pika CPESIRVI|P|ISAC pika RKDDYLK|H|CTF
guineapig CPES I RVIPINTC guinea pig RDMTYLR|R|CTF
rat CPESMRVI|H[S SC rat QKSDYLKIH|CTF
mouse CPESMRV|HlSSC mouse QKSDYLK|H|CTF
mouselemur CPESMRVI|PINAC mouselemur RKDGYLK|H|CSF
bushbaby CQSSTRVIPIRT- bushbaby RKDEYLK|H|CSF
monkey CPES I KV|HINAC monkey RTDGYLK|R|CTF
chimpanzee CPES | RV|H/INAC chimpanzee RTDGYLK|R|[CTF
human CPESI|IRVIHNAC human RTDGYLK|R|CTF

B C
rP2X2oH120P rP2X2H120P
581[]0 e )
géao
o X 60 spA|
BEw 20s
23w
5 o
= 1 10 100 1000 LowATP
[ATP] uM o
B High ATP

Figure 10. A, Comparison of the amino acid sequence of P2X, receptors from amphibian, avian, and mammalian species. The
order of species represents their approximate evolutionary distance from humans, with the most distant species at the top
(http://www.ncbi.nlm.nih.gov/Taxonomy). The boxes indicate the position of the residues in the same position as H120 of rP2X,
(left) and H213 of rP2X, (right). X indicates sequence not available, and — indicates no residue at this position when the full
sequences were aligned. All sequences except for the guinea pig came from Ensemble release 49 (http://www.ensembl.org). The
species and accession numbers were as follows: frog, Xenopus tropicalis, ENSXETG00000016152; chicken, Gallus gallus, ENS-
GALG00000007551; opossum, Monodelphis domestica, ENSMODGO0000015154; bat, Myotis lucifugus, ENSMLUGO0000016490;
shrew, Sorex araneus, ENSSARG00000008417; tenrec, Echinops telfairi, ENSFCAG00000002495; dog, Canis familiaris, EN-
SCAFG00000006270; cat, Felis catus, ENSFCAGO0000002495; cow, Bos taurus, ENSBTAG00000007496; horse, Equus caballus,
ENSECAGO0000016406; rabbit, Oryctolagus cuniculus, ENSOCUG00000017737; pika, Ochotona princeps, ENSOPRG00000003206;
rat, Rattus norvegicus, ENSRNOG00000037456; mouse, Mus musculus, ENSMUSG00000029503; mouse lemur, Microcebus muri-
nus, ENSMICG00000003948; bushbaby, Otolemur —garnettii, ENSOGAG00000006635; monkey, Macaca mulatta,
ENSMMUG00000015459; chimpanzee, Pan troglodytes, ENSPTRG0O0000005653; human, Homo sapiens, ENSG00000187848. The
source for the guinea pig sequence was 070397—1 (uniprot.org). B, Concentration—response relationship of rP2X,H120P. C, Lack
of response of rP2X,H120P to 20 wm zinc. Low ATP, 17.5 wum; high ATP, 500 um.
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