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Zinc and copper are atypical modulators of ligand-gated ionic
channels in the central nervous system. We sought to identify
the amino acids of the rat P2X, receptor involved in trace metal
interaction, specifically in the immediate linear vicinity of
His'*?, a residue previously identified as being critical for cop-
per-induced inhibition of the ATP-evoked currents. Site-di-
rected mutagenesis replaced conspicuous amino acids located
within the extracellular domain region between Thr'?® and
Thr'*® for alanines. cDNAs for the wild-type and the receptor
mutants were expressed in Xenopus laevis oocytes and exam-
ined by the two-electrode technique. Cys'®?, but not Cys'?,
proved crucial for zinc-induced potentiation of the receptor
activity, but not for copper-induced inhibition. Zinc inhibited in
a concentration-dependent manner the ATP-gated currents of
the C132A mutant. Likewise, Asp'3%, but not Asp'3! was critical
for copper and zinc inhibition; moreover, mutant D138A was
20-fold more reactive to zinc potentiation than wild-type recep-
tors. Asp'?®, Asp'3!, and Thr'3® had minor roles in metal mod-
ulation. We conclude that this region of the P2X, receptor has a
pocket for trace metal coordination with two distinct and sepa-
rate facilitator and inhibitor metal allosteric sites. In addition,
Cys'3? does not seem to participate exclusively as a structural
receptor channel folding motif but plays a role as a ligand for
zinc modulation highlighting the role of trace metals in neuro-
nal excitability.

Extracellular ATP and structurally related nucleotides act as
novel cell messengers through the activation of P2X receptors,
which belong to the family of ligand-gated ionic channels. In
addition, nucleotides, and particularly pyrimidine nucleotides,
such as UTP and UDP, act on metabotropic P2Y receptors,
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members of the G protein-coupled receptor family. Seven sub-
types of P2X channels have been identified and have been
shown to be involved in a variety of neuronal pathways includ-
ing pain transmission, the urination reflex, vas deferens con-
traction favoring sperm migration, etc. (1). These receptors are
unique among ligand-gated ionic channels because each recep-
tor subunit has only two transmembrane domains, with both
the C and N termini facing the cytosol (2, 3). Moreover, recent
studies using atomic force microscopy (4) provided topological
evidence of the channel conformation and established that the
functional P2X receptor channels are trimers, composed of
either homo or heterotrimeric subunits (4-6). Site-directed
mutagenesis has provided pivotal information about specific
P2X properties: the channel pore, agonist binding residues,
receptor desensitization and allosteric modulation (7-16). As
with other ligand-gated ionic channels, the P2X receptors are
modulated by divalent metals including trace metals although
the nature of the modulation and the magnitude of these effects
vary among the different P2X subunits (12—-17). The role of
divalent trace metals as neuromodulators is of interest as zinc
and copper are both novel and atypical brain transmitters (18,
19) and novel intracellular second messengers (20). The notion
that zinc and copper are stored in neurons and are released
upon electrical depolarization further highlights their impor-
tance in brain excitability with ample physiological and phar-
macological implications (21, 22).

The P2X, receptor is an interesting model of an ionic chan-
nel differentially modulated by divalent trace metals. In a series
of studies, Acuna-Castillo et al. (16) and Coddou et al. (23, 24)
reported that zinc potentiated the ATP-evoked currents,
whereas copper exerts an inhibitory effect on the activity of this
receptor. Furthermore, single site-directed mutagenesis of each
of the three extracellular histidine residues of the P2X,, receptor
revealed that only histidine 140 plays a key role in the inhibitory
modulation by copper and high zinc concentrations (13). The
replacement of His'*® by an alanine (H140A mutant) was not
only resistant to the copper-induced inhibition of the ATP-
gated receptor activity but evidenced a dramatic increase in the
zinc-induced potentiation. Zinc potentiated more than 20-fold
the ATP-evoked currents in the H140A mutant; the metal evi-
denced in this mutant a sigmoid concentration-response
dependence instead of the bell-shaped zinc curve described in
the wild-type receptor. This finding brought forth the hypoth-
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esis that the P2X, receptor channel must have a separate and
distinct trace metal binding site to account for the facilitator
action of zinc.

The present research aimed at identifying structural deter-
minants for the binding of zinc and to further assess the
hypothesis that zinc and copper modulate the P2X,, receptor by
interacting with separate and apparently independent metal
binding sites. For this purpose, we mutated several amino acids
in the vicinity of His'* and identified residues in the ectodo-
main of the P2X,, receptor that participate in the facilitator and
inhibitor allosteric trace metal sites. We demonstrate that
Cysl32, but not Cysué, is critical for the modulator role of zinc
but not copper, identifying the first critical amino acid residue
necessary for zinc potentiation in this receptor channel. The
C132A mutant proved not only resistant to the zinc-induced
potentiation, but this metal inhibited ATP-gated currents, in
full support that large zinc concentrations may also interact
with the copper inhibitory site (13). In addition, we determined
the key role of the carboxylic acid group of Asp'>® as a second
residue critically involved in copper inhibition, establishing a
possible metal coordination binding pocket in the extracellular
receptor domain region surrounding His'*°. The finding that
the sulfhydryl group of Cys'*? is critical for the modulator
action of zinc suggests that this residue does not form a disul-
fide bridge with other cysteines as has been suggested for other
P2X subtypes. In our view, Cys'®? plays a relevant role in zinc
modulation, and contributes to the molecular basis of trace
metal modulation of the P2X, receptor channel.

EXPERIMENTAL PROCEDURES

ATP tri-sodium salt, hydrogen, penicillin-streptomycin and
ivermectin were purchased from Sigma-Aldrich. Copper, zinc,
and mercury chloride were obtained from Merck (Darmstadt,
Germany). (2-(trimethylammonium)-ethyl)Methanethiosulfon-
ate bromide (MTSET)* was obtained from Toronto Research
Chemical Inc. (Ontario, Canada). The salts used to prepare the
incubation media were purchased from Sigma-Aldrich or Merck.
Samples of the triple-distilled water used in buffer preparation,
were analyzed for electro conductivity; metal contamination
was assessed by inductively coupled plasma optical emission
spectrometry using a Optima 2000 DV ICP-Emission Spec-
trometer (PerkinElmer Life Sciences). Trace metal contamina-
tion was less than 0.01 pM.

Site-directed Mutagenesis—The mutants were generated by
PCR using the proofreading Pfu polymerase (Promega) fol-
lowed by Dpnl digestion of the methylated parental plasmid.
Primers designed for the rat P2X, receptor mutants were as
follows: T123A sense: 5'-GTCCAGAGATTCCTGATAAGG-
CCAGCATTTGTAA-3"; T123A antisense: 5'-CTTATCAGG-
AATCTCTGGACAGGTGCTCTG-3'; S124A sense: 5'-CAG-
AGATTCCTGATAAGACCGCCATTTGTAATTC-3'; S124A
antisense: 5'-GGTCTTATCAGGAATCTCTGGACAGGT-
GCT-3'; C126A sense: 5'-AAGACCAGCATTGCAAATTC-

“The abbreviations used are: MTSET, (2-(trimethylammonium)-ethyl)meth-
anethiosulfonate bromide; wt, wild-type; EC5,, median effective concen-
tration; ny,, Hill coefficient; 1Cs,, median inhibitory concentration; I,,,,,, max-
imal current.
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AGACG-3'; C126A antisense: 5'-CGTCTGAATTTGCAAT-
GCTGGTCTT-3'; D129A sense: 5'-AGACCAGCATTTGTA-
ATTCAGCCGCCGACTGACC-3"; D129A antisense: 5'-TGAA-
TTACAAATGCTGGTCTTATCAGGAAT-3';D131A sense:5'-
GCATTTGTAATTCAGACGCCGCCTGCACTCCTGG-3;
D131A antisense: 5'-GGCGTCTGAATTACAAATGCTGGT-
CTTATC-3'; C132A sense: 5'-TTTGTAATTCAGACGCCG-
ACGCCACTCCTGGCTC-3’; C132A antisense: 5'-GTCGGC-
GTCTGAATTACAAATGCTGGTCTT-3’; T133A sense: 5'-
GTAATTCAGACGCCGACTGCGCCCCTGGCTCCGT-3;
T133A antisense: 5'-GCAGTCGGCGTCTGAATTACAAAT-
GCTGGT-3'; D138A sense: 5'-ACTGCACTCCTGGCTCCG-
TGGCCACCCACAGCAG-3'; D138A antisense: 5'-CACGG-
AGCCAGGAGTGCAGTCGGCGTCTGA-3'; D138N sense:
5'-ACTGCACTCCTGGCTCCGTGAACACCCACAGCAG-
3’; D138N antisense: 5'-CACGGAGCCAGGAGTGCAGTC-
GGCGTCTGA-3'; T146A sense: 5'-CCCACAGCAGTGGA-
GTTGCGGCCGGAAGATGTGT-3"; T146A antisense:
5'-CGCAACTCCACTGCTGTGGGTGTCCACGGA-3'.

The double mutants T123A/T146A and S124A/T146A were
generated in two steps with the same primers used for individ-
ual mutations. The triple mutant T123A/S124A/T146A was
generated in two steps: first the T123A/S124A double mutant was
generated using a single primer (5'-GTCCAGAGATTCCTGAT-
AAGGCCGCCATTTGTAA-3'), then the T146A mutation was
generated with their respective primers.

To circumvent unwanted mutations, a region surrounding
the targeted amino acid and presenting unique restriction sites
was subcloned in the parental cDNA; the exact synthesis of
each mutation was verified by automated sequencing.

Oocyte Harvesting, Microinjection, ATP Receptor Expression,
and Quantification of ATP-evoked Currents—A segment of the
ovary was surgically removed under anesthesia from the frog,
Xenopus laevis. Oocytes were manually defolliculated and incu-
bated with collagenase as previously detailed by Acufia-Castillo
et al. (16). Oocytes were injected intranuclearly with 3-5 ng of
c¢DNA coding for the rat P2X, wild-type and mutated recep-
tors. After a 36 —48 h incubation in Barth’s solution (NaCl, 88
mum; KCl,1 mm; NaHCOg, 2.4 mm; HEPES, 10 mm; MgSO,, 0.82
mu; Ca(NO,),, 0.33 mm; CaCl, 0.91 mm; pH 7.5) supplemented
with 10 international units/liter penicillin/10 mg streptomycin
and 2 mM pyruvate, oocytes were clamped at —70 mV using the
two-electrode voltage-clamp configuration with an OC-725C
clamper (Warner Instruments Corp., Hamden, CT). ATP-
gated currents were recorded following regular 10-s ATP appli-
cations repeated every 10 min for up to 10 um ATP; for higher
ATP concentrations, the pulses were spaced out to 25 min to
avoid receptor desensitization. After metal incubation the
recovery of control currents was always assessed. Non-injected
oocytes did not evoke currents when exogenous ATP was
applied (16).

ATP, metal chloride salts, and amino acids were dissolved in
Barth’s media and perfused using a pump operating at a con-
stant flow of 2 ml/min. ATP concentration-response curves
were performed by applying for 10 s, increasing concentrations
of the nucleotide ranging between 1 and 1000 um. Curves were
normalized against the concentration of ATP that evoked the
maximal response. For metal modulation experiments, at least
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5 control ATP applications were performed; the average of all
the control currents was used as the standard response (100%).
This procedure allowed us to determine the variation between
the control responses, which never exceeded 10%. The ATP
median effective concentration (EC,,) was interpolated from
each concentration-response curve. Likewise, the maximal
ATP current (I,,,,) was obtained from each ATP concentra-
tion-response curve. Each protocol was performed in at least
two separate batches of oocytes from different frogs; each
experiment was repeated at least in four separate oocytes. Spe-
cial care was taken to complete each protocol in a single oocyte;
with incomplete protocols being discarded, to favor correct sta-
tistical analysis. ATP and metals solutions were prepared daily
before usage.

Metal Characterization Protocols—These protocols describe
the general outline of the experiments performed in wild-type
and mutant receptors. Care was exercised to run the whole
protocol in a single oocyte allowing each oocyte as its own inter-
nal control, particularly when concentration-response curves
were performed.

Metal Selectivity—We examined the modulator role of cop-
per and zinc chloride salts on the ATP-gated currents of the
P2X, wild-type and mutant receptors. Reversal of the metal
effect was mandatory prior to testing other metal concentra-
tions, or examining the effect of another metal in the same
oocyte. The recovery of the ATP-evoked currents following
additions of the metals was controlled in all cases by the
sequential application of ATP challenges until the full original
current was attained.

Metal and Ligand Concentration Studies—The metal con-
centration dependence was assessed by quantifying the ATP-
gated currents in the absence and later in the presence of 0.1
300 uM copper and zinc. In these assays, each oocyte served as
its own control; reversal of the metal action was carefully con-
trolled as mentioned above. To examine the action of zinc,
experiments used a concentration of the nucleotide that elicits
only a 5% of the maximal ATP response (EC;), because this
protocol favored the facilitator action of the metal (16). For
example, the ATP EC; for the wild-type P2X, receptor is 1 um
while for the C132A and D138A mutants this value is 3 uMm. To
assess the copper-induced inhibition, these protocols were sys-
tematically performed using the EC,, for each receptor (see
Table 1). These ATP concentrations were established previ-
ously as optimal to test the effect of each metal (16).

To investigate how copper or zinc modified the ATP concen-
tration-response curve, ATP concentration-response curves
were performed in the absence, and later, in the presence of
either 10 uMm copper or 10 uM zinc. For these protocols, the
metals were pre-applied for 1-min and next co-applied with
ATP. Sets of at least 4—6 oocytes from separate batches were
studied; complete ATP concentration-response protocols were
performed per oocyte.

MTSET Studies—Consistent with the role of free thiol
groups in the extracellular receptor domain, we used a non-
permeable SH reactive agent to chemically modify SH groups in
the external surface of the receptor domain. Trimethyl ammo-
niummethylmethane thiosulfonate (MTSET) was used as a
prototype alkylthiosulfonate, an agent that covalently alkylates

DECEMBER 21, 2007 «VOLUME 282+NUMBER 51

Critical Roles of Cys'3? and Asp'38 of P2X,

A
122TSICNSDADCTPGSVDTHSSGVAT 46
B C
wildype| [ wilddype| [
A=Y I T mzal T

staa| [ T F— stea| [

croea| [ el —
D12ga) [F Di2ea| [ *

D13 [} D131A| [ —

c13za| ] =% c132a| | F
T133A| [} *x% T M

Dizas| [0 1 %% D13gA| | %%

Hgon| [ 1=« Hi40a| [} %%

T4ea| [ TaeAl [+

wipe| & }— tripte| [ —

0 500 1000 1500 2000 2500 0 2 50 75 100

10 puM zinc-induced potentiation (%) 10 pM copper-induced inhibition (%)

FIGURE 1. Modulation by zinc and copper of the mutants generated in
this study. A, schematic representation of the Thr'?3>-Thr'*® ectodomain
amino acid sequence of the rat P2X, receptor. The residues that were
replaced by alanine are shown in bold letters. The previously identified His'*°
is represented in gray. B, potentiation evoked by a 1-min preapplication of 10
um zing; the wild-type and mutant receptors were challenged to a concentra-
tion of ATP corresponding to the ECs. C, copper-induced inhibition. The metal
(10 wm) was preapplied for 1 min before an ATP pulse corresponding to each
receptor ECs, (n = 3-8, ¥, p < 0.05; **, p < 0.01, Mann-Whitney test). For
comparative purposes, the dashed line represents the effect of zinc or copper
in wild-type receptors; triple refers to the T123A/S124A/T146A triple mutant.

free thiol groups of cysteine residues. Oocytes were treated with
1 mm MTSET, applied for 3-min period. The effect of zinc,
copper, and ivermectin were tested before and after the appli-
cation of MTSET, in the same oocyte. These protocols were
repeated in 4 -5 different oocytes from separate oocyte batches.

Statistical Data Analysis—Curve fitting was performed with
GraphPad software (San Diego, CA). ATP and zinc EC, values,
ATP Hill coefficient (1;), copper median inhibitory concentra-
tion (IC,,), and the I, were obtained from each concentra-
tion-response curve; values were derived after adjusting exper-
imental values to a sigmoid curve generated using Graph Pad
software (San Diego, CA). Statistical studies included the
Mann-Whitney test; we had previously determined the conven-
ience of non-parametric analysis procedures in our statistical
evaluations (16).

RESULTS

Site-directed Mutagenesis of Critical Amino Acid Residues in
the Thr'?3-Thr'*® Region of the P2X, Receptor—To examine the
role of key amino acid residues in the vicinity of His'*°, an
amino acid previously identified to play a critical role in copper-
induced modulation (13), we systematically mutated for ala-
nines selected amino acids localized in the Thr'?*-Thr'*
region (Fig. 14). As candidates for mutagenesis we choose the
following amino acids: aspartic acids, Asp'®°, Asp"!, and
Asp'?®, commonly described in protein metal-binding motifs
and two cysteines, Cys'?® and Cys'®2, which through their sulf-
hydryl groups could interact as metals ligands (25), particularly
zinc. In addition, we also mutated 3 threonines and a serine;
based on a theoretical computational model developed by P.
Bull. All these P2X, receptor mutants were functional; their
half-maximal ATP potency (EC,,) and maximal ATP-gated

currents (I, ,.) were, within experimental error, similar to the
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TABLE 1

EC5o, ny and |, values for wild-type and mutated P2X, receptors
expressed in X. laevis oocytes

The number of experiments are shown in parentheses. EC,, and n,; values were

derived from the Hill equation. The maximal current (I,,,,) values were obtained
applying a saturating concentration of ATP.

Receptor EC,, My | -
M A
P2X, wild-type 114 +28(12) 14+02 49+*0.8(18)
T123A 22.3 = 6.4 (8) 1.2+01 33*06(12)
S124A 24.6 + 4.8 (5) 1.0*+02 3.3=0.7(10)
C126A 15.4 *+ 4.6 (6) 1902 9.0*28(8)
D129A 333+86(6)" 14+02 34+09(8)
D131A 17.5 + 6.4 (6) 1201 64*17(9)
C132A 36.1 =132(6) 13+02 34*+14(6)
T133A 13.3 £ 3.7 (4) 09+04 41+*13(7)
D138A 368+65(5)° 09+01 62*18(9)
D138N 19.1 + 8.7 (5) 1103 56*22(2)
H140A 61.2+95(8)” 14+02 43*06(11)
T146A 29.0 = 7.0 (5) 1706 28=*1.1(6)
T123/T146 13.7 + 23 (4) 14+03 47*08(6)
$124/T146 192+1323) 08*04 27*10(5)
T123A/S124A/T146A  24.6 *+ 4.1 (4) 09+02 45*09(7)

“p < 0.05, compared with the values obtained with the wild-type P2X, receptor.
b p < 0.01, compared with the values obtained with the wild-type P2X, receptor.

wild-type P2X, receptor. Table 1 summarizes the main param-
eters examined in the single mutants tested, along with several
double mutations and a triple mutant.

Modulator Effect of Zinc and Copper in Wild-type and the
Receptor Mutants—Each mutant was examined independently
to evaluate the modulatory activity of 10 um zinc and 10 um
copper; a summary of these results is shown in Fig. 1, Band C.

Zinc-induced potentiation was completely abolished in the
mutant C132A, demonstrating the critical role of this residue
for the modulator action of zinc but not copper. The zinc
potentiation was also significantly reduced, although not abol-
ished, in the mutant T133A (Fig. 1B, p <0.01). Additionally, the
modulator activity of 10 uM zinc was almost 2-fold larger in
mutants D131A and D138A, mimicking the observation previ-
ously reported for the H140A mutant (Fig. 1B). In the rest of the
mutants examined, the modulator action of zinc was within the
experimental variation, not manifesting statistical differences
to the wild-type receptor. With regard to the modulator activity
of copper, mutant D138A was resistant to the 10 um copper-
induced inhibition of the ATP-gated currents; as indicated
above, the modulator action of zinc was significantly aug-
mented 2-fold (Fig. 1B8). Mutant D129A demonstrated a signif-
icant 50% reduction in copper-induced inhibition (p < 0.05,
Fig. 1C), while the modulator activity of zinc was conserved
(Fig. 1B). The other mutants examined did not evidence signif-
icant deviations from the wild-type phenotype.

The C132A Mutant—In view of the novelty of the results
derived from the C132A mutant, and to further confirm and
study the nature of its resistance to zinc, we investigated in
further detail the interaction of this receptor mutant with trace
metals. The zinc concentration-response curve in C132A was
dramatically modified from a biphasic curve in the wild-type
receptor phenotype (Fig. 2B), to a flat curve with negative slope
and an estimated IC,, of 18.2 = 10.1 um, demonstrating the
inhibitory action of zinc. Representative recordings shown in
Fig. 2A evidence the zinc-induced reversible inhibition of the
ATP-gated currents in oocytes expressing C132A mutant
instead of the potentiation observed in the wild-type receptor.
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FIGURE 2. Cys'®?is crucial for zinc-induced potentiation. A, representative
recordings from an oocyte expressing the wild-type (wt) P2X,, receptor (upper
panel) and the C132A mutant (lower panel). Oocytes were challenged with 1
and 3 um ATP for wt and C132A respectively (solid lines). Zinc was preapplied
for 1 min before the ATP-pulse. B, zinc concentration-response curves for
wild-type (closed circles), C132A (open squares), and C126A (open triangles)
P2X, receptors. The dashed line represents the response of ATP alone; values
below the line indicate inhibition. C, copper concentration-response curves.
The estimated copper IC;, valuesare 4.9 = 0.8 and 2.1 £ 0.2 um (n = 4-8) for
wild-type receptor and the C132A mutant, respectively. D, concentration-
response curves for ATP alone (control, closed circles) or plus 10 um zinc
(closed circles) or 10 um copper (open squares) for the C132A mutant receptor.
Zinc had no effect on the ATP curve, while demonstrating copper non-com-
petitive inhibition (I ., = 43.8 = 20.0%).n = 4-8.

A 1-min pre-application of 10 um zinc in the C132A mutant
inhibited the 3 um ATP-evoked currents; the inhibitor action of
zinc was concentration-dependent (Fig. 2B). In further proof of
the two independent sites of metal action in the P2X, receptor,
the C132A mutant showed a copper inhibition curve identical
to the wild-type phenotype (Fig. 2C). Consonant with these
results, 10 uM zinc did not modify the ATP concentration-re-
sponse curve, while 10 uMm copper inhibited non-competitively
the ATP curve, much as in the wild-type receptors (Fig. 2D).
Interestingly, the C126A mutant showed a wild-type phenotype
to the modulation by zinc, evidencing the classical biphasic zinc
interaction curve (Fig. 2B) or the non-competitive copper-in-
duced inhibition (data not shown). Taken together, these
results allow the conclusion that Cys'*? is critical for zinc-in-
duced potentiation, but not for copper inhibition.

Based on the notion that Cys"®? is part of the zinc-facilitator
site, we reasoned that the facilitator action of zinc would be
eliminated, at least in part, by reagents such as MTSET, which
alkylate free sulfhydryl groups. Oocyte treatment with MTSET
halved significantly the maximal zinc-induced potentiation
from 5.9 = 0.4- to 3.1 £ 0.2-fold (p < 0.01) in wild-type P2X,
receptors without altering the magnitude of the ATP-evoked
currents (Fig. 34). The ATP EC,, and maximal response after
MTSET-treatment were 19.8 = 4.0 um and 6.4 = 1.9 pA
respectively (n = 5, data not shown). MTSET treatment was
irreversible; 45 min after the treatment we consistently
observed the reduction of the zinc-induced potentiation. As a
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FIGURE 3. Zinc potentiation is partially reverted by MTSET treatment.
A, representative tracings showing a 10 um zinc-induced potentiation before
and after MTSET treatment (1 mm, 3 min). The dashed line represents the
current evoked by 1 um ATP alone. B, resume of zinc and ivermectin (IVM, 3
M) potentiation before (white bars) and after (black bars) MTSET treatment.
The currents were gated by 1 um ATP. C, copper-induced inhibition of the
currents were evoked by 10 um ATP before (white bars) and after (black bars)
MTSET treatment (1 mm, 3 min). n = 3-6, **, p < 0.01, Mann-Whitney test.

further control for this set of experiments, MTSET treatment
did not modify the ivermectin-induced potentiation (Fig. 3B) or
copper inhibition (Fig. 3C). 3 um IVM potentiated 3.7 = 0.6,
indicating that this agent has a smaller potentiation than that of
zinc. After MTSET treatment, the [IVM potentiation was 4.4 =+
1.4-fold, a value that did not differ from the non-treated
oocytes. These results indicate that the chemical modification
of the sulthydryl of extracellular cysteines affected exclusively
the zinc-induced modulation, but not the copper-induced
modulation.

The D138A Mutant—This mutant was copper-resistant, no
significant inhibition was observed with metal concentrations
up to 100 um (Fig. 4B); in contrast, 10 uM copper elicited 75%
current inhibition in the wild-type receptors. Further increas-
ing the copper concentration to 300 uMm, inhibited the currents
~40%. Representative tracings illustrate the inhibitory modu-
lation of 10 uMm copper in oocytes transfected with either wild-
type or the Asp*®® mutant (Fig. 44). Consonant with the finding
reported for the H140A mutant (13), which was also shown to
be resistant to the action of copper, the zinc concentration-
response curve was dramatically modified from a biphasic
curve in wild-type receptors, to a sigmoid, in the D138A mutant
(Fig. 4C). The maximal zinc-evoked potentiation in the mutant
was at least 3-fold larger than in wild-type receptors (19.0 =
2.1- versus 6.3 * 0.7-fold increase, p < 0.01, n = 6). Moreover,
when the ATP concentration-response curve was examined in
the presence of 10 um copper, the curve in the D138A mutant,
as anticipated, was not shifted as compared with the wild-type
receptors (36.8 * 6.5 versus 29.5 = 2.9 um, Fig. 4, A and B). As
expected, 10 um zinc displaced leftward the ATP concentra-
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FIGURE 4. Asp'2 is crucial for copper and zinc inhibition. A, recordings
from an oocyte expressing the wild-type P2X, receptor (wt) and the D138A
mutant. Copper was applied for 1 min before the 10 um ATP pulse (solid lines).
B, copper concentration-response curves for wild-type (closed circles), D138A
(open squares), and D138N (open triangles). The estimated copper ICs, values are
4.9 = 0.8 (wt),20.0 == 5.1 (D138N),and >100 um (D138A). The ATP concentrations
were 10, 30, and 15 um for wt, D138A and D138N, respectively. C, zinc concen-
tration-response curves for wild-type (closed circles) and D138A (open
squares) were performed with 1 or 3 um ATP, respectively. D, concentra-
tion-response curves for ATP alone (closed circles), or plus 10 um copper
(open squares), or 10 umzinc (open triangles) on the D138A mutant. Copper
did not modify the ATP concentration-response curve, while zinc caused a
significant leftward displacement.n = 4-8.

tion-response curve, reducing 3-fold the ATP EC,, from 36.8 =
6.5 to 12.0 = 5.1, p < 0.05, Fig. 4D).

Moreover, in a further set of experiments we examined the
consequence of replacing the negatively charged aspartic acid
residue with asparagine (D138N) rather than the previously
examined alanine. This approach partially recovered the ability
of copper to inhibit the ATP-evoked currents; the copper IC,,
in this mutant was 22.4 = 5.5 as compared with 5.4 = 0.8 uM in
the wild-type receptor (p < 0.05, Fig. 4B).

Relative Influence of Other Amino Acids in the Trace Metal
Modulation—Besides C132A, other mutants that showed sig-
nificant differences in the zinc-evoked potentiation were
D131A and T133A (see Fig. 1B). Zinc concentration-response
protocols revealed that both mutants conserved the biphasic
metal concentration curve phenotype observed in wild-type
receptors, although the maximal potentiation evoked by 10 um
zinc was 2-fold in the case of mutant D131A (p < 0.05) and
decreased by half in the mutant T133A (p < 0.05; Fig. 54). The
D129A, but not the D131A mutant, showed a significant paral-
lel rightward displacement of the copper concentration-re-
sponse curve; its copper IC,, was 24.9 = 4.4 uM (p < 0.05) as
compared with the wild-type receptor (IC;, = 4.8 = 0.8 um,
n = 5). The estimated copper IC,, for the D131 A mutant was
8.3 £ 2.9 um (Fig. 5B).

DISCUSSION

A major aim of this investigation was to identify structural
determinants of allosteric binding sites for trace metals in the
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FIGURE 5. Metal modulation on the D129A, D131A, and T133A mutants.
A, zinc concentration-response curves for the D129A (closed squares), D131A
(open circles), and T133A (open triangles) mutants; the dashed line represents
the curve for wild-type receptors. The maximal zinc-induced potentiations
were 10.3 = 0.5 (D131A), 4.0 = 0.6 (D129A), and 3.5 = 0.8 (T133A)-fold
increase. B, copper concentration-response curves for the D129A (closed
squares) and the D131A (open circles) mutant receptors. The dashed line rep-
resents the curve for wild-type receptors; the estimated ICs, values were
249 = 4.4 umfor D129Aand 8.3 £ 2.9 umfor D131A.n = 4-6.

P2X, receptor. We now report that Cys'®? is essential for the
potentiation by zinc, while Asp'®® is necessary for copper and
zinc inhibition. Conceptually, the interpretation of the results
presented herein demonstrate that this receptor has two sepa-
rate and independent allosteric sites for divalent trace metal
modulation, which are localized in the extracellular domain.
One is a facilitator site, involved in the action of zinc, which
results in a potentiation of the ATP-gated currents and a dis-
tinct, inhibitor site, which interacts with copper, and large con-
centrations of zinc, accounting for a non-competitive inhibi-
tion of ATP-evoked currents. The emerging picture for the
extracellular metal allosteric sites of the P2X, receptor is sche-
matized in Fig. 6. Because trace metal coordination with pro-
teins involves several amino acids (25, 26), we focused on iden-
tifying amino acid residues other than the previously identified
His'* (13).

Functional tests revealed that of the amino acids in the 123—
146 sequence, only Cys'*? proved essential for zinc modulation,
because its replacement for an alanine abrogated the metal
modulation. Because the C132A mutant lacks an essential zinc
ligand to interact at the facilitator site, the metal can now only
act at the inhibitor site, an explanation that can account for the
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Facilitator site

Inhibitor site

FIGURE 6. Schematic model shows the potential extracellular metal sites
within the P2X, receptor. Left panel, in the facilitator site, the sulfhydryl
group of Cys'*? s crucial for zinc-induced potentiation of the receptor activ-
ity. The neighboring residues, Asp'®' and Thr'33 are not critical, but could also
contribute to the site stability. Right panel, at the inhibitor site, the carboxylic
group of Asp'3® and His"*° are crucial for copper and zinc inhibition of the
receptor activity, while Asp'?? may contribute to a lesser degree.

reduction of the ATP-gated currents. Critical to this interpre-
tation and as a control of this experimental design, mutant
C126A showed essentially a wild-type phenotype, demonstrat-
ing the topological relevance of the sulthydryl group in Cys*3?at
the zinc facilitator site. In contrast to the P2X, receptor, two
extracellular histidines (His'?° and His?'®) were identified as
critical for zinc potentiation in the P2X, receptor (12, 14),
accentuating the diversity the metal binding sites in these pro-
teins. Moreover, in the P2X, receptor an intersubunit zinc
binding site with moderate flexibility has been proposed (27,
28). Of the three extracellular histidines of the P2X, receptor,
His'* is part of the inhibitor site (13), His**! is not involved in
trace metal modulation (13) and His**® is involved in proton
sensing (9). Therefore, we anticipated that residues other than
histidines, like Cys'*?, conform the zinc facilitator site in the
P2X, receptor. The two amino acids in the immediate vicinity
of the primary sequence of the receptor, Asp'®' and Thr'??,
modified zinc potentiation but did not suppress it, most likely
indicating that they are indirectly involved in zinc potentiation.

The structural conservation of 10 cysteine residues in the
extracellular loop of the P2X receptors (29) has led to the spec-
ulation that these amino acid residues are likely to be involved
in disulfide bond formation. To address directly the role of
disulfide bonds in the P2X, receptor, Ennion and Evans gener-
ated receptor mutants, which replaced each of the 10 extracel-
lular cysteines with alanine and examined the resulting effects
on channel function using electrophysiology and biochemical
methods (30). In most of the single mutants, modest changes
were observed in the ATP potency and maximal response. The
C126A and C132A mutants were both functional and possessed
similar properties as compared with the wild-type receptor.
However, Ennion and Evans (30) labeled extracellular free cys-
teines with MTSEA-biotin, to conclude that the 10 cysteines of
the P2X, receptor must be forming disulfide bonds (30). In the
P2X, receptor, the corresponding Cys'>* (C126) and Cys'*°
(C132) mutants resulted in a dramatically reduced EC,, and
I, indicating a structural role for these residues (31). As with
the P2X, receptor, our results on the P2X, receptor also indi-
cate that the replacement of either Cys'*® or Cys'? for alanine
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resulted in only minor variations in the ATP potency (Table 1),
although mutant C132A was completely insensitive to zinc
potentiation. Therefore, we deem that the sulthydryl group of
Cys'3? acts as a zinc ligand, critically necessary for the metal
potentiation. This hypothesis is further supported by the obser-
vation that MTSET significantly reduced zinc-induced poten-
tiation, without altering the ATP-gated currents. Altogether,
these data indicate that the sulfhydryl group of Cys'®? is not
involved in disulfide bonding. Moreover, since MTSET treat-
ment did not modify copper inhibition or the ivermectin-in-
duced potentiation, we also conclude that the facilitator site for
zinc is distinct from the copper inhibitor site, as predicted in
our working hypothesis. Ivermectin is an antiparasitic drug
derived from Streptomyces avermitilis, which facilitates the
ATP-gated currents exclusively of the P2X, receptor (32), act-
ing at residues located near the transmembrane domains (11).

Treatment with dithiothreitol, a disulfide reducing agent
neither significantly altered the ATP-evoked currents nor zinc
modulation (data not shown). Although it was previously
reported that reducing agents such as dithiothreitol or 3-mer-
captoethanol did not alter the pharmacology of the P2X; nor
the P2X, receptors (30, 31), this result may be accounted for the
relative inaccessibility of these reagents to several sulthydryl
groups within these receptors.

The present study also identified Asp'>® as part of the inhib-
itor site. This residue and His'*® (13) are two essential ligands
for copper and zinc coordination in the extracellular domain of
the P2X, receptor. The finding that the zinc concentration-
response curve in the D138 A mutant was sigmoid, raised a sec-
ond argument for a dual action of zinc in both modulator sites,
although demonstrating preference for the facilitator site at
lower metal concentrations. In the absence of the inhibitor site,
as in the D138A or the H140A mutants, zinc interacts only with
the facilitatory site, accounting for the large facilitation of the
ATP-evoked response observed in these mutants. Interestingly,
the replacement of Asp'®® by an asparagine resulted in only a
partial recovery of copper inhibition, suggesting that a more
conservative change could retain the function, as other residues
also account for the metal effect, in this case, His*°.

Additionally we identified other amino acids that could play
secondary roles in trace metal modulation. This may be the case
with Asp'®!, Thr'®?, and Asp'>®. Mutations of these residues
either increase or decrease the maximal zinc potentiation
(D131A, T133A) or decreased the copper potency (D129A)
without changing the biphasic nature or the concentration-de-
pendent inhibition.

Parallel studies from our laboratory have demonstrated the
critical role of extracellular histidines in metal modulation and
identified which of these residues are essential for copper and
zinc modulation in the P2X, and the P2X,, receptors (14, 15).
Unfortunately the key residues identified as essential for copper
and zinc modulation in these three P2X receptor channels are
not linearly related. Therefore a better understanding of the
three-dimensional structure of the receptor is essential to bet-
ter define the structural determinants involved in the modula-
tion by trace metals. The recent finding of an intracellular P2X
receptor in the amoeba Dictyostelium discoideum and the elu-
cidation of a new functional role for P2X receptors on intracel-
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lular organelles in osmoregulation, which was inhibited by
nanomolar copper (33) highlights the importance of trace met-
als as modulators of the biology of P2X receptors.

Trace metals like zinc and copper are known to modulate
voltage (34) and ligand-gated ionic channels including the gly-
cine, N-methyl-p-aspartate, y-aminobutyric acid, and nicotinic
receptors (35-39). Because zinc and copper are stored in vesi-
cles and are released upon nerve terminal depolarization (21,
22), reaching up to micromolar concentrations in the synapse,
we hypothesize that trace metals may contribute to brain excit-
ability. In this context the pioneer work of Hirzel et al., (40)
highlights the role of trace metals in a recent iz vivo study using
transgenic mice. These authors found several abnormalities in
mice carrying the glycine receptor mutation D80A; a substitu-
tion that selectively eliminated the potentiating effect of zinc on
this receptor. This mutated glycine receptor was functional and
demonstrated a wild-type phenotype, except for the response
to zinc. Notwithstanding, the glycinergic transmission was
completely abnormal, demonstrating a series of behavioral
abnormalities reinforcing that zinc is crucial for glycinergic
transmission (40). Altogether these reports underscore the sig-
nificance of trace metals in brain excitability and highlight their
role as novel and atypical brain messengers (18).

In summary these studies provides novel structural informa-
tion for the role of amino acids involved in trace metal modu-
lation. The identification of key amino acids selectively
involved in modulation by either zinc or copper lay the struc-
tural foundations necessary to better understand the molecular
basis of ionic channel modulation and its role in brain excitabil-
ity. It has not escaped our attention that, in the near future,
transgenic mice carrying selected mutations described in this
study might be useful for testing the role of trace metals in
neural transmission.
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