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Background: Zinc inhibits human P2X2 with high potency.
Results: Site-directed mutations of P2X2 with a 100,000-fold range in the potency of zinc inhibition were made.
Conclusion: A cluster of three histidines at the interface between subunits controls zinc potency.
Significance: Zinc-resistant mutants offer the opportunity to test the biological significance of zinc modulation of P2X2.

Human P2X2 receptors (hP2X2) are strongly inhibited by
zinc over the range of 2–100 �M, whereas rat P2X2 receptors
(rP2X2) are strongly potentiated over the same range, and then
inhibited by zinc over 100 �M. However, the biological role of
zinc modulation is unknown in either species. To identify can-
didate regions controlling zinc inhibition in hP2X2 a homology
model based on the crystal structure of zebrafish P2X4.1 was
made. In this model, His-204 and His-209 of one subunit were
nearHis-330 of the adjacent subunit. Cross-linking studies con-
firmed that these residues are within 8 Å of each other. Simul-
taneousmutation of these three histidines to alanines decreased
the zinc potency of hP2X2 nearly 100-fold. In rP2X2, one of
these histidines is replaced by a lysine, and in a background in
which zinc potentiation was eliminated, mutation of Lys-197 to
histidine converted rP2X2 from low potency to high potency
inhibition. We explored whether the zinc-binding site lies
within the vestibules running down the central axis of the recep-
tor. Elimination of all negatively charged residues from the
upper vestibule had no effect on zinc inhibition. In contrast,
mutation of several residues in the hP2X2 middle vestibule
resulted indramatic changes in thepotencyof zinc inhibition. In
particular, the zinc potency of P206C could be reversibly shifted
from extremely high (�10 nM) to very low (>100�M) by binding
and unbindingMTSET. These results suggest that the cluster of
histidines at the subunit interface controls access of zinc to its
binding site.

In humans, seven different genes (P2RX1–P2RX7) code for
subunits of P2X receptors. The proteins these genes encode
(P2X1–P2X7) form ATP-gated cation channels, by assembling
into homomeric or heteromeric trimers (1). Different subunit
combinations have distinct physiological and pharmacological
properties. The characterization of the crystal structure of one
member of this gene family (2) provides a framework to allow a

more sophisticated exploration of the molecular basis of prop-
erties specific to particular subunit combinations.
It is well established that rodent and human P2X2 receptors

expressed in Xenopus oocytes or transfected cells are modu-
lated by extracellular zinc (reviewed in Ref. 3), but the actions of
zinc onP2X2 receptors vary dramatically by species.Mouse and
rat P2X2 receptors (rP2X2)2 show a biphasic response to zinc.
When exposed to zinc concentrations in the range of 2–100�M

the response to ATP shows dramatic potentiation, whereas at
higher zinc concentrations the ATP response is inhibited
(4–6). In contrast, human P2X2 receptors (hP2X2) show no
potentiation at any zinc concentration; rather over the same
concentration range that potentiates the rat receptor (2–100
�M) the response to ATP is inhibited by zinc (7).
Substantial evidence indicates that zinc is co-released with

neurotransmitters from many synaptic terminals (8) and upon
release can bind to receptors and modulate neuronal excitabil-
ity of several types of neurotransmitter receptors (9). Some
regions of high P2X2 expression also have a high density of zinc
containing nerve terminals (for example, the cerebral cortex
and hippocampus) but evidence for zinc modulation of P2X2
receptors in vivo or in brain slices is lacking. Indeed, the role of
P2X2 receptors in the brain is unclear. Although P2X2 recep-
tors are highly expressed in many parts of the central nervous
system (10, 11), with the assays used so far most regions of the
brain where these receptors are expressed function normally in
P2X2 knock-out mice (12).
The molecular basis for high potency zinc potentiation of

rP2X2 is zinc binding to His-120 and His-213, which lie on
opposite sides of each subunit interface (13, 14). However, the
molecular mechanism for high potency zinc inhibition of
hP2X2 is unclear. All of the extracellular histidines of hP2X2
have been mutated (7) and two sites were identified (His-204
andHis-209) at which replacementwith an alanine resulted in a
modest decrease in the extent of zinc inhibition. However, in
neither of these mutants nor in the H204A/H209A double
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mutant was the potency of zinc dramatically shifted from wild-
type hP2X2.
One striking feature of the structure of zP2X4.1 is the pres-

ence of three cavities referred to as vestibules that run down the
3-fold symmetric central axis from the top of the molecule to
just above the pore region in the membrane (2). In the ligand-
free closed state that was crystallized, the upper and middle
vestibules are separated by a constriction that would prevent
ion flow, and a relatively narrow region that might impede ion
flow also separates the middle vestibule from the lowest cavity,
which is referred to as the extracellular vestibule. The reason
for this designation is that just above the membrane there are
three fenestrations between subunits that appear large enough
to allow the unimpeded flow of ions directly into the extracel-
lular vestibule even when the channel gate (which lies midway
through themembrane) is closed. Two recent papers have sup-
ported the idea that the pathway for ion movements through
open P2X channels is via the fenestrations (15, 16). However,
there must be a pathway that allows ions to enter the middle
vestibule, because Gd3�, an inhibitor of zP2X4.1 channel func-
tion was shown to bind to Glu-98 from all three subunits at the
top of themiddle vestibule (2). It is possible that themovements
associated with channel opening might also allow access to the
upper vestibule. Thus these vestibules are potential locations
for the high potency inhibitory zinc-binding site of hP2X2.
Our goal for this study was to use a homology model of

hP2X2 based on the structure of zP2X4.1 to suggest candidate
residues for involvement in inhibitory zinc binding, with the
hope of identifying mutations that dramatically enhance or
attenuate zinc inhibition of hP2X2. Identification of such
mutants might provide a framework for understanding the
molecular basis of zinc inhibition, and also offer the possibility
of using them as tools to probe the role of P2X receptors in vivo.

EXPERIMENTAL PROCEDURES

Homology Modeling of Human P2X2 Receptor—The human
P2X2 homology model was generated using the SWISS-
MODEL server “Automated Protein Modeling Server”
(EXPASY (17, 18). The amino acid sequence for hP2X2b (Gen-
BankTM AAF74202.1) was used as the input and the template
was the single chain structure of zebrafish P2X4.1 (PDB 3H9V
(2)). The program COOT (Crystallographic Object-Oriented
Toolkit (19)) was then used to superimpose the hP2X2b mon-
omer single chain onto the zP2X4.1 trimer template (PDB
3I5D) to generate the hP2X2b trimer structure. Molecular
graphics images of the structure were drawn using the UCSF
Chimera software from the Resources for Biocomputing, Visu-
alization and Informatics at the University of California, San
Francisco, CA.
Site-directed Mutagenesis—The source of the human P2X2b

and rat P2X2a cDNAs has been previously described (7).Muta-
tions were made using the QuikChange mutagenesis kit (Agi-
lent Technologies, Santa Clara, CA) and referred to by the orig-
inal single letter amino acid codon followed by the residue
number and the substituted single letter codon. All mutations
were confirmed by DNA sequencing from the University of
Michigan DNA sequencing core.

Expression—RNAs encoding wild-type and mutant P2X2
receptors were synthesized using the mMessage Machine T7
kit (Invitrogen) and expressed in stage V-VI Xenopus laevis
oocytes. Oocytes were surgically extracted and harvested fol-
lowing methods approved by the University of Michigan Com-
mittee on the Use and Care of Vertebrate Animals. Each oocyte
was injected with 50 nl of RNA (50–100 ng/�l unless it is stated
that a lower concentration was used).
Cross-linking and Western Blotting—Prior to protein isola-

tion, oocytes injected with RNA (50 ng/�l) encoding either
wild-type or mutant hP2X2 receptors were exposed at room
temperature to ND96 buffer alone (96 mMNaCl, 2 mM KCl, 1.8
mM CaCl2, 1 mM MgCl2, 5 mM sodium pyruvate, and 5 mM

HEPES, pH 7.6) or to ND96 buffer supplemented with either
the long arm Cys-reactive cross-linker BM(PEG)3 (1,11-
bismaleimidotriethyleneglycol (1 mM), Thermo Fisher Scien-
tific), the short arm Cys-reactive cross-linker BMOE (bisma-
leimidoethane (1 mM), Thermo Fisher Scientific), or H2O2
(0.1%w/v) for 10min. Oocytes were washed five times in ND96
buffer and homogenized in buffer H (100 mM NaCl, 20 mM

Tris�Cl, pH 7.4, 1% (w/v) Triton X-100, 10 �l/ml of protease
inhibitor mixture (P8340, Sigma) in a volume of 10 �l/oocyte.
The samples were centrifuged at 16,000 � g at 4 °C for 2 min
and the supernatant was transferred into cleanmicrocentrifuge
tubes. 15 �l of the supernatant was mixed with 4� SDS-PAGE
loading sample buffer (50 mM Tris�Cl, pH 6.8, 50 mM DTT, 2%
(w/v) SDS, 10% (v/v) glycerol) and stored on ice for SDS-PAGE
analysis of total protein. Protein samples were heated to 95 °C
for 3 min, and loaded on pre-cast NuPAGE 4–12% (w/v) Bis-
Tris gels (Invitrogen). Gels were transferred to nitrocellulose
membranes and probed using a polyclonal antibody (1:200)
against an epitope in the extracellular domain of human P2X2
(Santa Cruz Biotechnology, Santa Cruz, CA) and then visual-
ized by chemiluminescence with the SuperSignal West Pico
Chemiluminescent Substrate kit (Thermo Fisher Scientific)
that was detected on film.
In Fig. 2, for each construct, the treated and untreated sam-

ples illustrated were always taken from adjacent lanes on the
same gel and shown at identical exposures, so there is no sepa-
ration between them. However, white bars separate the images
from different constructs to indicate that they were selected
from films of several different gels exposed for different periods
of time, so that a similar amount of P2X2 immunoreactivity
could be illustrated in each lane. Thiswas necessary because the
amount of protein expressed varied widely among mutants
(likely because of variation in the quality of the RNA injected).
The position of molecular mass markers (in kDa) are shown on
the left, and because commercial precast gels were always run
for the same length of time, their positions on all gels were
superimposable.
Electrophysiological Recordings—Two-electrode voltage

clamp studies were performed on oocytes expressing wild-type
ormutant receptors 1–5 days after injection. For all recordings,
the holding potential was �50 mV. Recording electrodes con-
sisted of thin-walled borosilicate glass pipettes pulled on a P-97
Flaming Brown puller (Sutter Instrument Company, Novato,
CA) that had resistances of 0.5–1M�. Currents were recorded
using a Turbo-Tec3 or Turbo-Tec10 amplifier (npi electronic
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GmBH, Tamm, Germany). Data acquisition was done using a
Digidata 1322A interface controlled by Clampex 9 or 10
(Molecular Devices, Sunnyvale, CA).
Solutions—The external recording solution consisted of (in

mM): 90 NaCl, 1 KCl, 1.3 MgCl2, and 10 HEPES, pH 7.5. Diso-
dium ATP (Sigma) was prepared as a 100 mM stock in external
recording solution and stored at �20 °C. The ATP solutions
were made by diluting the stock in external recording solution
and adjusting the pH to 7.5 to obtain the desired concentra-
tions. Recording electrodes were filled with an internal solution
of 3 M KCl. Zinc chloride was prepared as a 10 mM stock in
external recording solution that was acidified with 0.01 M HCl
to prevent precipitation.
At the flow rates typically used, the time constant for solution

exchange in the recording chamber was �3 s. In most experi-
ments, a computer controlled, gravity fed 8-valve array (ALA
Scientific Instruments, Farmingdale, NY) regulated solution
delivery. For electrophysiological studies of the effect of modi-
fication of accessible cysteines, the oocytes were studied while
impaled in the recording chamber, but to conserve materials,
the flow through the recording chamber was stopped, and a
concentration of reagent sufficient to cause maximum modifi-
cation within a 2-min incubation was added from a P-200
pipetter in a volume sufficient to cause a nearly complete solu-
tion change within a few seconds. At the end of the incubation
period, a wash of at least 30 s occurred before recording was
resumed. The modifiers tested were BMOE, BM(PEG)3, and
MTSET ((2-(trimethylammonium)ethyl)methanethiosulfo-
nate chloride, Toronto Research Chemicals, North York, ON,
Canada). The modifier stocks were made in dimethyl sulfoxide
and kept on ice, and then freshly diluted at least 1:100 into room
temperature recording solution immediately before testing.
Data Analysis—Preliminary data analysis was performed

using Clampfit 10 (Molecular Devices, Sunnyvale, CA), with
additional analysis done with Microsoft Excel. Concentration-
response relationships were fit using the nonlinear curve fitting
program of Sigmaplot 9.0 or 10.0 (Systat Software, San Jose,
CA). For ATP, the 3 parameter Hill equation was used. For zinc
inhibition the 3 parameter Hill equation was used when the
inhibition was complete at high zinc, and the 4 parameter Hill
equationwas usedwhen themaximal effective concentration of
zinc did not completely eliminate the ATP activated current.
For analysis of the magnitude of zinc inhibition, the data

from each cell were normalized to the maximum value of the
ATP response, which was assigned a value of 100%. When
parameters of the fit are given in text or figure legends, they
were obtained by finding the best IC50 for each cell, and then
reporting the average IC50 � S.E. and the sample size. For dis-
play in figures, the normalized points at each zinc concentra-
tion from all cells were averaged and plotted with error bars
indicating the mean � S.E. The fits shown on the graphs are to
these averaged data, and therefore the IC50 of these fits some-
times differed slightly from themean value of the IC50 reported
in text.
Correcting Zinc IC50 for Changes in ATP Potency—The IC50

for zinc differs depending on whether one tests hP2X2 at EC10,
EC50, or EC90 for ATP (7). To test for differences in zinc
potency between mutants, we normally tested each construct

for zinc inhibition at its own EC10 for ATP. Accomplishing this
required pre-screening, because the ATP concentration-re-
sponse relationship of oocytes expressing P2X2 varies consid-
erably, so that when the average EC50 concentration is used,
individual oocytes respond from 20 to 75% of the maximal cur-
rent (20). For the pre-screen, a series of oocytes were tested
with a concentration of ATP that was the average EC10 for a
population of cells expressing that construct and with saturat-
ing ATP, and only the oocytes that had ATP responses between
5 and 15% of maximum were used for studying zinc inhibition.
Chemical modification of free cysteines byMTSET or cross-

linkers sometimes changed the potency of ATP. Managing the
number of solutions needed to test oocytes at both their pre-
and post-MTSET EC10 values for ATP would have been very
difficult to accomplishwith the available equipment, andwould
have been impossible for mutants like P206C, whose sensitivity
to ATP changed rapidly following MTSET modification.
Instead, we simplified the experiment by using the same ATP
concentration (the pre-screen EC10) before and after modifica-
tion. We then used data in Fig. 3 of Tittle and Hume showing
the relationship between zinc potency and the dose of ATP
used (7) to develop a correction for changes in ATP potency. By
fitting a power function to these data, we were able to define a
scaling factor based on the percentage of themaximum current
(ECx) that theATP concentration used in each experiment pro-
duced after modifier treatment. The scaling factor was calcu-
lated by the equation,

Scaling factor �
y0 � A � 10b

y0 � A � EC2
b (Eq. 1)

where EC2 is the ECx for ATP after modifier treatment (and so
would be 80 if cells were studied at their EC80) and y0, A, and b
are empirical constants determined from fitting the data from
wild-type hP2X2 (y0 � 8.29, A � 1.19 � 10�4, and b � 2.98).
Multiplying the scaling factor by the measured IC50 for zinc
after modifier treatment gave the expected IC50 at the post-
modification EC10 for ATP. This procedure perfectly corrected
for the change in zinc potency of wild-type hP2X2 when the
ATP concentration was raised.

RESULTS

Homology Model for hP2X2 Suggests That His-204, His-209,
and His-330 Lie Close Together Across the Subunit Interface—
In rP2X2, the zinc-binding site that causes potentiation
includes two histidines on opposite sides of the subunit inter-
face.When the sequence of hP2X2 was used to create a homol-
ogymodel based on the structure of zP2X4.1, His-330 from one
subunit was predicted to lie close toHis-204 andHis-209 across
the interface between adjacent subunits (Fig. 1A), raising the
possibility that this histidine cluster might contribute to the
zinc-binding site responsible for the high potency zinc inhibi-
tion seen in hP2X2 receptors. If these residues are part of the
inhibitory zinc-binding site, it might also explain why zinc inhi-
bition of rP2X2 has such low potency, because in rP2X2 the
residue equivalent toHis-209 is a lysine (Lys-197), whichwould
be expected to disrupt zinc binding.
A challenge to the idea that this histidine cluster contributes

to zinc binding is that in the homology model, Pro-206 is posi-
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tioned in a way that would likely interfere with interactions
betweenHis-204 orHis-209 on one side of the subunit interface
and His-330 on the other (Fig. 1B). However, the homology
model was based on the unliganded, closed channel so the
interference might be absent in other conformations. To test if
hP2X2 can take on a conformation in which His-330 closely
approaches His-204 or His-209, we expressed the double cys-
teine mutants H204C/H330C and H209C/H330C in oocytes
and then used physiological and biochemical methods to
explore whether these positions were close enough to form
ectopic disulfide bonds.
In some cases an ectopic disulfide bond across a subunit

interface can form spontaneously and constrain the conforma-
tion of a channel such that the electrophysiological properties
are altered. For instance, the H120C/H213C double mutant in
rP2X2 dramatically right shifts the ATP concentration-re-
sponse curve by spontaneously forming disulfide bonds (14).
However, the hP2X2 double mutants H204C/H330C and
H209C/H330C responded normally to ATP. Both of these
mutants still showed potent zinc inhibition. Indeed, when
tested in parallel with wild-type in the same batch of oocytes,
both had an IC50 that was slightly left shifted (wild-type, IC50 �
12.9 � 0.9 �M, n � 17; H204C/H330C, IC50 � 1.8 � 0.2 �M;
H209C/H330C, IC50 � 2.0 � 0.3 �M, n � 6 for each). Thus,
either ectopic disulfide bonds did not form, or bonds at these
positions have little effect on function. To distinguish between
these possibilities, total proteins fromoocytes expressing either

wild-type hP2X2, single cysteine mutants, or double cysteine
mutants were extracted and run on Western blots (Fig. 2).
In the absence of an exogenous cross-linking agent, the vast

majority of hP2X2protein inwild-type and all single anddouble
mutants was at the monomer size, indicating that spontaneous
cross-linking was rare. Occasionally there was a small amount
ofmaterial the size expected for a dimer, but trimer-sizedmate-
rial was never observed. Because dimer was observed in some
preparations of wild-type hP2X2, whatever caused it was not a
consequence of the added cysteines. Very different results were
observed when cysteine-reactive cross-linkers were used.
BM(PEG)3 had no effect on the size of the P2X2 proteins
extracted from any of the single cysteine mutants (Fig. 2A), nor
on the material extracted from the H204C/H209C double
mutant (as expected because in this mutant both cysteines are
on the same side of the subunit interface, so cross-linking these
residues would not create bonds that join two subunits
together). In contrast, BM(PEG)3 shifted most of the hP2X2
protein from H204C/H330C and H209C/H330C to the size of
trimers (Fig. 2B), demonstrating that the distance between
these residues across the subunit interfacemust be less than the
extended length of BM(PEG)3 (17.8 Å). To further probe the
distance between these residues, we used H2O2, an oxidizing
agent that can promote disulfide bond formation between cys-
teines that are close to each other but do not react spontane-
ously, and BMOE (8 Å), a cross-linker with a shorter span than
BM(PEG)3 (Fig. 2C). H2O2-treated material was monomer

FIGURE 1. Location of candidate residues for participation in the inhibitory zinc binding of hP2X2. A, homology model of hP2X2 based on the structure
of zP2X4.1 in the closed state. The three identical subunits of this trimeric protein are shown in pink, green, and light blue. The positions shown in orange (His-132
and Arg-225) are equivalent to the two histidines of rP2X2 that are required for the potentiating effect of zinc. The positions of the three histidines to be tested
for participation in the inhibitory zinc-binding site are shown in red. The white box shows the region illustrated in B. B, higher resolution view of the region
around the three candidate histidines. His-204 and His-209 are close to each other on the light blue subunit, whereas the nearest His-330 is on the adjacent
green subunit. In this closed state model, Pro-206 (yellow) of the light blue subunit partially shields His-330 from access to His-204 and His-209. The black arrow
indicates the top of the fenestration that provides access to the extracellular vestibule. Several residues on the inside of this vestibule arising from the pink
subunit are visible. The white arrow indicates a smaller fenestration into the middle vestibule. The visible residue arising from the pink subunit at the back of the
middle vestibule is Ser-76. Another middle vestibule residue visible through this opening is Glu-75 (dark blue) from the same subunit as His-204 and His-206.
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sized, whereas BMOE shifted most of the hP2X2 protein from
H204C/H330C andH209C/H330C to trimer size. These results
indicate that hP2X2 can take on a conformation in which the
distance across the subunit interface between these cysteine
pairs is less than the span of BMOE (8 Å), but that these cys-
teines are farther apart than the maximum distance that allows
a disulfide bridge to form between cysteines (2–3 Å).
Mutation of the Histidine Cluster Can Dramatically Alter

Zinc Inhibition of hP2X2—Achallenge to the idea that histidine
cluster His-204/His-209/His-330 contributes to zinc inhibition
is that it was previously reported that the H204A and H209A
mutants have an IC50 for zinc only slightly higher than wild-
type hP2X2 (7).We replicated these results and extended them
to H330A. When H330A was studied near its EC10 for ATP,
zinc caused inhibition with an IC50 similar to wild-type hP2X2
(Table 1). Similarly, at the EC10 for ATP, the double mutant
H209A/H330A had a zinc IC50 similar to wild-type (5.5 � 0.3
�M, n � 5) as previously been reported for the H204A/H209A
double mutant (7). Although wild-type hP2X2 and the other
mutants reported in this study showed only zinc inhibition at all
ATP levels tested, when H330A was tested with ATP at the
EC40 or above, addition of zinc produced transient inhibition
that was followed by growth. At low zinc concentrations the
balance at steady state favored inhibition, whereas at higher
zinc there was modest potentiation. For example, as compared
with the amplitude before zinc, the currents at the most effec-
tive inhibitory concentration (20 �M zinc) become stable at
73 � 8% and the currents at the most effective potentiating

concentration (500 �M) become stable at 223 � 75% (n � 5
experiments, eachwith 4–5 cells at each concentration). Poten-
tial explanations for this unexpected observation are consid-
ered under “Discussion.”
In contrast to the relatively normal zinc potency of the single

and double alaninemutants at the histidine cluster, theH204A/
H209A/H330A triple mutant gave a very different result.
Although this mutant had a nearly normal EC50 for ATP (20 �
2 �M, n � 24), when studied at its EC10 for ATP the H204A/
H209A/H330A triple mutant had very low zinc potency, with
its IC50 shifted about 100-fold to the right as compared with
wild-type (Fig. 3). Thus mutations in the region of the histidine
cluster can dramatically alter zinc inhibition of hP2X2.
Reciprocal Modification of Potency of Zinc Inhibition in Rat

P2X2 and Human P2X2—If the difference in the potency of
zinc inhibition between hP2X2 and rP2X2 is due to the fact that
rP2X2 receptors lack a histidine in a key position (the homolog
of hP2X2 His-209 is rP2X2 Lys-197) then placing a histidine at
this position of rP2X2 shouldmimic the high potency zinc inhi-
bition seen in hP2X2 receptors. To test this possibility, it was
necessary to first eliminate high potency zinc potentiation in
rP2X2, bymutating the two histidines essential for potentiation
(14). As expected based on previouswork, in the rP2X2H120A/
H213A double mutant, zinc potentiation was absent and zinc
inhibitionwas of lowpotencywith an IC50 ofmore than 100�M.
When K197H was introduced into this background, the
rH120A/K197H/H213A mutant, which will be referred to as
humanized rP2X2, responded to zinc with much higher

FIGURE 2. Biochemical test of accessibility of H204C or H209C to H330C of the adjacent subunit. A, lack of effect of the cysteine reactive cross-linker
BM(PEG)3 on the indicated single cysteine mutant constructs. The positions of the molecular mass markers (in kDa) shown on the left apply to panels A–C. The
double headed arrows between panels A and B and panels B and C indicate the expected position of monomers (light gray arrows), dimers (dark gray arrows), and
trimers (black arrows). B, effect of BM(PEG)3 on double cysteine mutants. C, effect of the oxidizing agent H2O2 and the cysteine reactive cross-linker BMOE on
double cysteine mutants.

TABLE 1
Potency of zinc inhibition for equivalent mutations in human and rat P2X2
All constructs were tested at the EC10 concentration for ATP.

Human P2X2 IC50 for zinc Number of cells Rat equivalent IC50 for zinc Number of cells

�M �M

WT 13 � 1 17 H120A/K197H/H213A (humanized rP2X2) 19 � 2 15
H209K 77 � 8 10 H120A/H213A 121 � 9 8
H204A 19 � 1 5 H120A/H192A/K197H/H213A 27 � 2 4
H209A 25 � 1 5 H120A/K197A/H213A 116 � 12 7
H330A 13 � 5 4 H120A/K197H/H213A/H319A 16 � 3 4
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potency, which was quite similar to wild-type hP2X2 (Fig. 4A,
Table 1). The opposite mutation in hP2X2 (H209K) recipro-
cally converted zinc potency fromhigh to low (Fig. 4B, Table 1).
To further explore similarities between the mechanism of

zinc inhibition of rP2X2 andhP2X2wemade alaninemutations
of the rat P2X2 residues equivalent to H204A, H209A, and
H330A and compared them to humanized rP2X2 (Fig. 5 and
Table 1). rH120A/K197H/H213A/H319Awas inhibited by zinc
with an IC50 nearly identical to humanized rP2X2, just as
hH330A was inhibited by zinc with an IC50 nearly identical to
wild-type hP2X2. rH120A/H192A/K197H/H213A had a zinc
IC50 slightly higher than humanized rP2X2, as was also the case
for hH204A compared with wild-type hP2X2. For both species,
the largest effect on zinc inhibition resulted from mutation of
the middle histidines. The IC50 of hH209A was shifted about
2-fold to the right, whereas the IC50 of rH120A/H197A/H213A
was shifted over 8-fold to the right, and was as zinc insensitive
as rH120A/H213A.
Tests of Potential Mechanisms by Which Mutations in the

Histidine Cluster Alter Zinc Inhibition—The observation that
zinc inhibition is barely changed by single alanine mutations to
the histidine cluster (H204A, H209A, H330A) and is still pres-
ent but dramatically right shifted in theH204A/H209A/H330A
mutant led us to consider whether this region might be essen-
tial for zinc inhibition, and yet not be the zinc-binding site. A
possible explanation could be that the residues of this cluster
control access of zinc to a site elsewhere.

The residues of the histidine cluster sit at a position at which
they potentially could control entry into the middle vestibule.
We therefore testedwhether the inhibitory binding site for zinc
might be in the upper or middle vestibule by mutating candi-
date zinc-binding residues.
In the upper vestibule of hP2X2 there are no histidines or

cysteines, but there are several negative charges that might
potentially participate in binding zinc. When hP2X2 residues
Glu-96, Glu-97, and Glu-103 were simultaneously mutated to
alanines, the IC50 of zinc inhibition was very slightly right
shifted as compared with that seen in wild-type hP2X2 (Fig.
6A).When oocytes from the same day were compared, the IC50
was 16.2 � 1.0 �M for hP2X2 and 20.6 � 1.5 �M for E96A/
E97A/E103A (n� 5 each). Similarly, when the rP2X2homologs

FIGURE 3. Effect of elimination of the three clustered histidines. A, two
electrode voltage clamp recordings from Xenopus oocytes expressing hP2X2
or the hP2X2 H204A/H209A/H330A mutant. In all experiments, the holding
potential was �50 mV. The arrow indicates the current at the end of the
period of zinc application. B, concentration-response relationship for a series
of oocytes studied as in A. In these experiments, a range of concentrations of
zinc were tested, whereas the ATP concentration was held constant at 2 �M.
The data were fit to the 3 parameter Hill equation (wild-type, IC50 � 11 �M;
H204A/H209A/H330A, IC50 � 979 �M).

FIGURE 4. Reciprocal effects of mutations of rP2X2 and hP2X2 on zinc
inhibition. In both panels the arrow indicates the direction of the change in
zinc potency when the endogenous residue was changed to the residue
found in the same position in the other species. A, zinc concentration-re-
sponse relationship for two variants of rP2X2 that lacks critical residues at the
potentiating zinc-binding site (H120A/H213A). The residue at position 197
was either the normal lysine, or was mutated to a histidine, as is found at the
equivalent site in hP2X2. B, zinc concentration-response relationship for wild-
type hP2X2 (same data as Fig. 3, so only the fit is shown) and for a mutant in
which His-209 was changed to lysine, as found at the equivalent site (position
197) of rat P2X2.

Tuning Zinc Responsiveness of P2X2 Receptors

22104 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 26 • JUNE 22, 2012



of these residues (Glu-84, Glu-85, andGlu-91) plus Asp-82 (the
homolog of human Asp-94) were all mutated to alanine in the
humanized rP2X2 background, there was no change in zinc
inhibition (Fig. 6B). Therefore, it seems unlikely that any of the
negatively charged residues in the upper vestibule are part of
the inhibitory zinc-binding site.
In the middle vestibule of hP2X2, there are no cysteines, and

the only histidine is His-330. However, there are two negative
charges (Glu-75 and Asp-326) that might potentially partici-
pate in zinc binding. The absence of a negative charge at
another middle vestibule position is noteworthy. The crystal
structure of zP2X4.1 identified three negatively charged resi-
dues within the middle vestibule that could bind Gd3� (Glu-98
from all three subunits). However, the hP2X2 residue at the
homologous position is Gly-104, which is not a zinc binding
candidate. As Asp-326 is predicted to form a salt bridge with
Arg-324 we also mutated this residue. The R324A mutant
responded to ATP similar to wild-type (EC50 of 14.9 � 1.2 �M,
n � 5), and D326A had a somewhat left-shifted ATP concen-
tration-response relationship (EC50 of 2.6 � 0.6 �M, n � 25).
However, when studied at their respective EC10 for ATP, both
mutants caused only a very slight decrease in the potency of
zinc inhibition (Fig. 7A). The E75A mutant had slightly
enhanced ATP potency (3.7 � 0.6 �M, n � 4), but zinc inhibi-
tion in this mutant was substantially less potent than wild-type
(Fig. 7B).
If either Asp-326 or Glu-75 participates in zinc binding or is

near the binding site then replacing it with a histidine might
enhance zinc inhibition. This was not the case for D326H,
which like D326A had an IC50 slightly right shifted (21.0 � 0.8
�M, n � 5) compared with wild-type. However, the zinc
potency of the E75H mutant was 10-fold greater than for wild-
type hP2X2 (Fig. 7B).
Effects of Mutations of Pro-206 on Zinc Inhibition—In the

homology model of the hP2X2 receptor, Pro-206 protrudes

from the middle vestibule into the space between the three
residues of the histidine cluster (Fig. 1B). If this proline impedes
interactions between these histidines, then its replacement
with other residues might increase the potency of zinc inhibi-
tion. As an initial test of this hypothesis, the glycine mutant of
Pro-206 was made to minimize potential steric hindrance. The
zinc potency of the P206G mutant (6.1 � 0.8 �M, n � 7) was
similar to wild-type hP2X2 (Fig. 8A). However, P206G was
unlike wild-type hP2X2 (andmost othermutants characterized
in this study) in one feature. When tested at EC10 for ATP,
wild-type hP2X2 showed no residual ATP-dependent current
at saturating zinc, but in P206G at saturating zinc the residual
ATP-dependent current was about 25% of the response to ATP
alone (Fig. 8A). The failure of saturating zinc to completely
inhibit EC10ATP inP206G is similar to results seen inwild-type
hP2X2 when high ATP was used. For instance, at the EC90 for
ATP,maximal zinc did not eliminateATP responses, but rather
only reduced them to 29% of the response without zinc (7). The
explanation proposed for this was that the inhibition by zinc

FIGURE 5. Potency of zinc inhibition in a series of rP2X2 mutants. All
mutants were made deficient in zinc potentiation by the presence of the
H120A and H213A mutations. Effect of substituting an alanine at His-192,
Lys-197, or His-319 (equivalent residues to hP2X2 His-204, His-209, or His-
330). The bold part of each label indicates the change from humanized rP2X2.
The thick lines without points are reprints of the fits to data from H120A/
H213A and H120A/K197H/H213A that were presented in Fig. 4.

FIGURE 6. Effect of removal of negative charges from the upper vestibule
on zinc inhibition. A, comparison of the zinc concentration-response rela-
tionship for wild-type hP2X2 and a variant in which three negative charges in
the upper vestibule were mutated to alanine. B, comparison of the zinc con-
centration-response relationship for humanized rP2X2 (H120A/K197H/
H213A) and humanized rP2X2 in which all four negative charges in the upper
vestibule were mutated to alanine. The average IC50 for the mutant lacking
negative charges in the upper vestibule was 11 � 3 �M, n � 5.
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was allosteric. That is, zinc binding lowered the potency of
ATP, rather than blocking the channel. Viewed in this way, the
lowest concentration of ATP that can begin to overcome max-
imal zinc is an indicator of the efficacy of the allosteric interac-
tion. As EC10 ATP could partially overcome maximal zinc in
P206Gbut not inwild-type, these results show that it is possible
for the potency of zinc to be much higher than wild-type, and
yet the efficacy of allosteric zinc coupling to ATP binding to be
lower than wild-type.
The P206H mutant increased the potency of zinc inhibition

about 100-fold compared with wild-type hP2X2 and was com-
pletely inhibited by saturating zinc (Fig. 8B). Possible explana-
tions for this effect are that a histidine at position 206 enhances
the potency of the endogenous zinc-binding site, or that it cre-
ates a novel zinc-binding site in this region. If either idea is
correct then cysteine, which can also ligate zinc, might have a
similar effect on zinc potency and covalent modification of this
cysteine might modify zinc potency. As a covalent modifier, we
usedMTSET, which was originally tested on cysteine-modified
nicotinic acetylcholine receptors (21) and has subsequently
been used extensively to probe the accessibility of specific res-

idues of many ion channels, including P2X receptors (15, 16).
One key property of MTSET is that it reacts specifically and
rapidly with the thiols of free cysteines to formmixed disulfides
and so blocks any function that requires a free thiol (such as
metal binding). A second is that because MTSET is positively
charged and relatively bulky, it can often alter permeation
through narrow regions of channels due to steric hindrance or
charge repulsion of permeant cations. Finally, the mixed disul-
fide bond is usually stable in the absence of an exogenous reduc-
ing agent, producing quasi-irreversible modification (21).
TheATPpotency of P206C (5.7� 0.5�M,n� 47)was similar

to wild-type hP2X2. When cells were tested at their EC10 for
ATP, the zinc potency of the P206Cmutant was extremely high
(IC50 � 11.2 � 1.6 nM, n � 17, Fig. 8C). Thus P206C has zinc
potency 1,000 times higher than wild-type hP2X2 and about 10
times higher than P206H. However, like the P206Gmutant, the

FIGURE 7. Effect of removal of negative charges from the middle vesti-
bule on zinc inhibition. All mutants were made in hP2X2. Data from five cells
were averaged for each mutant. A, zinc concentration-response relationship
for R324A (IC50 � 20.1 � 1.7 �M) and D326A (IC50 � 17.9 � 0.9 �M). B, zinc
concentration-response relationship for Glu-75 mutants (IC50 values were
E75A � 68.2 � 7.0 �M; E75H � 1.6 � 0.1 �M).

FIGURE 8. Effect of mutations at hP2X2 Pro-206 on zinc potency. A, zinc
inhibition of P206G. Because the final value at high zinc was not 0, the four-
parameter version of the Hill equation was used to fit these data. The thick line
without points in panels A–C is the response of wild-type hP2X2 initially shown
in Fig. 4. B, zinc inhibition of P206H (IC50 � 0.09 � 0.02 �M, n � 13). C, zinc
inhibition of P206C.
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ATP-dependent currents did not decline to 0 at saturating zinc
(average steady-state current was 24 � 3% of the peak).

An unexpected feature of the P206C mutation was that the
responses to saturating ATP were usually small (�3 �A). In
contrast, wild-type P2X2 injected with comparable amounts of
RNA typically give saturating ATP responses over 30 �A. This
was not because the mutant protein had failed to be highly
expressed on the cell surface, as whenMTSETwas applied with
the goal of covalently modifying this cysteine, the ATP-evoked
currents were massively increased (Fig. 9). For a population of
cells studied near their EC10 for ATP prior to MTSET applica-
tion, the average potentiation was 116 � 14-fold (n � 76). It
previously had been demonstrated that MTSET had no signif-
icant effect onwild-type hP2X2 (7). As a further control that the
effect of MTSET on P206C was due to modification of the cys-
teine at this position, we also applied MTSET to P206H. After
MTSET treatment there was no significant change in the
amplitude of the peak current elicited by saturating ATP, the
EC50 for ATP or the IC50 for zinc in oocytes expressing P206H,
so the effect on P206C was specific.
Although the effect ofMTSET usually reverses very slowly in

the absence of an exogenous reducing agent, this was not the
case at P206C. When cells were tested with 10-s ATP pulses
once per minute, the ATP-dependent currents declined back
toward the pre-MTSET amplitude along a relatively rapid,
exponential time course (Fig. 9A). The time constant of this
return to baseline varied substantially (Fig. 9B) but the average
time constant (2.6 � 0.6 min, n � 17) indicated that by 15 min
after MTSET treatment most cells tested with this protocol
would be close to the original baseline. The decline of current
during a long, continuous application of ATP (Fig. 9C) was
much faster (time constant � 32.7 s � 0.7 s, n � 5) than when
ATP was applied as a series of 10-s pulses, suggesting that the
decline in potentiation might be dependent on activation of
the channel by ATP. To test this possibility, in a series of cells
the first ATP test pulse after MTSET was delayed until 15 min
of washout had occurred (Fig. 9A, bottom). For a series of five
cells in which the average potentiation above the pre-MTSET
response was 49.8-fold, 15 10-s pulses of ATP at 1 per min
brought the average potentiation down to only 2.9-fold above
the pre-MTSET response. In contrast, waiting 15 min without
applying ATP left the average potentiation at 53.8-fold (n � 4)
suggesting that no recovery occurred in the absence of ATP.
Once the currents had returned to near baseline, they could be
re-potentiated by a second dose of MTSET (Fig. 9A, top). For
the set of five cells that had declined to 2.9-fold potentiation at
15 min post-MTSET, the second dose of MTSET took the cur-
rents back up to 22.7-fold potentiation. Thus, either the bond is
rapidly cleaved due to the conformation taken on when ATP is
present, or MTSET causes its potentiating effect by interacting
with P206C in a noncovalent manner and can only be released
when the channel enters the activated state.
The fold-potentiation by MTSET depended on the concen-

tration of ATP at which the measurement was made (Fig. 9D)
and was much greater at lower ATP, but substantial potentia-
tion was still present when a concentration that produced a
maximal ATP response prior to MTSET treatment was used
(11.9 � 1.3-fold, n � 65).

When low and high concentrations ofATPwere applied (Fig.
9E) it became clear that ATP was much more potent immedi-
ately after MTSET. In the example shown, 1 �M, a concentra-
tion that produced about an EC10 response prior to MTSET
instead produced an EC80 response. From a series of two pulse
experiments we estimated the ATP potency. Although there
was considerable cell to cell variability in the EC50 for ATP, on
average MTSET treatment caused a 10-fold increase in the
potency of ATP (Fig. 9F) from 5.7 � 0.4 (n � 58) to 0.57 � 0.04
�M (n � 56).

A similar two-pulse paradigm allowed us to estimate the
potency of zinc inhibition. For these experiments we used an
ATP concentration near the pre-MTSET EC10 (0.5 or 1 �M).
Prior to MTSET treatment this concentration of ATP gave
nearly stable responses, and 200 nM zinc was sufficient to max-
imally decrease the response, which as noted above plateaus at
about 25% of the initial amplitude (Fig. 9G, left panels). After
MTSET treatment, the response to even a brief application of
ATP ran down as receptors returned to the unmodified state, so
measuring the extent of zinc inhibition required us to compare
the current amplitude at the end of the zinc application to the
amplitude that would have occurred had ATP alone been
applied (Fig. 9G, right panels). Oocytes treated with ATP plus
200 nM zinc showed a small, but significant decline. However,
the extent of the decline did not change in a concentration-de-
pendent manner as the zinc concentration increased from 200
nM to 20 �M (Fig. 9H). To exceed 50% inhibition shortly after
MTSET treatment required over 500 �M zinc.

The complex shape of the zinc concentration-response rela-
tionship was readily explained with a model that took into
account the time course of decay of potentiation in the presence
of ATP (Fig. 9C) and the observation that at maximal ATP,
channels in the MTSET-modified state carry about 10 times as
much current as unmodified channels when studied at equiva-
lent points on the concentration-response relationship. At the
time we applied zinc (30 s of washout plus 20 s of ATP alone),
the decay time constant indicated that the population consisted
of�20%modified receptors and 80% receptors that had already
returned to the unmodified state. Even though the majority of
receptors were in the unmodified state, the amplitude of the
current at this time was dominated by the modified receptors,
because of their 10 times larger maximal current. The unmod-
ified receptors were maximally inhibited (see Fig. 8C) by the
lowest concentration of zincwe tested afterMTSET (200nM) so
the concentration-response curve did not begin to fall until the
unmodified receptors began to be affected. Fitting this model
gave zinc potency for the MTSET-modified receptors of 577 �
78 �M, which is a 50,000-fold decrease in potency from the
pre-MTSET condition.
Because of the shift in ATP potency afterMTSET treatment,

these measurements were made near the EC80 for ATP. It was
not practical to examine the zinc concentration-response rela-
tionship before and after MTSET at the post-MTSET EC10,
because untreated P206C expressing oocytes did not reliably
give measurable responses to ATP at the post-MTSET EC10.
When we corrected for the effect of using a relatively high ATP
concentration of ATP as described under “Experimental Pro-
cedures,” the predicted zinc IC50 at the post-MTSET EC10 for
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FIGURE 9. Effect of MTSET on responses of hP2X2 P206C to ATP and zinc. A, massive, but transient potentiation of ATP responses by MTSET. Top, after an
initial 10-s application of ATP (gray box) MTSET was applied for 2 min (black box), and after a 30-s washout, 10-s ATP pulses were given once per minute. After
15 ATP pulses, MTSET was reapplied, and then a final ATP pulse was given. Bottom, the first ATP pulse after MTSET was delayed until 15 min after the washout
of MTSET. B, histogram of the time constant of loss of potentiation after MTSET for a series of cells tested as in the top panel of A. C, more rapid loss of
potentiation when a long ATP pulse was used. D, histogram of the fold-potentiation after MTSET when tested with ATP concentrations near the EC10 prior to
MTSET treatment (top) or with ATP concentrations that caused a nearly maximal response prior to MTSET treatment (bottom). E, traces illustrating the shift in
the ATP concentration-response relationship after MTSET treatment. At both concentrations 200 �M produced a maximal response. MTSET treatment shifted
the response to 1 �M from 9% of maximal to 81% of maximal. The traces inset within the box show the responses to 200 �M normalized to the same peak
amplitude, to accentuate the relative change in the response to 1 �M ATP. F, histogram of the EC50 for ATP before and immediately after MTSET from
experiments done as in panel E. G, recordings illustrating the change in zinc inhibition immediately after MTSET treatment. For each panel 4 –5 traces obtained
under the indicated conditions were normalized to the peak current and then averaged. The gray traces in the panels with zinc represent the extrapolated
response amplitudes with ATP only. The top and bottom of the vertical dashed lines indicate the amplitude of the responses with and without zinc that were
used to calculate the extent of zinc inhibition. In all panels, ATP was 1 �M. The time calibration applies to all panels. H, zinc concentration-response relationship
measured after MTSET calculated from data collected and measured as in G, The thick black line is the fit from Fig. 8C. The thin black line is the fit to the model
described in text. The concentration of ATP used in this experiment was the EC10 for ATP prior to MTSET, so it was near the EC80 after MTSET.
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ATPwas 76 �M, which is still a decrease in zinc potency of over
6,000-fold.
Lack of Effect of Cross-linking on Zinc Inhibition—The

growth of current in the P206Cmutant after MTSET is a prop-
erty shared with some other cysteine-modified residues in the
immediate vicinity. In hP2X2, MTSET modification of H209C
caused a substantial increase in current, although modification
of H204C with this reagent produced inhibition of current (7).
Similarly, in rP2X2, MTSET modification of H319C, the resi-
due equivalent to human H330C, caused a modest (less than
2-fold) increase in current (15). We therefore tested the effect
of MTSET on hP2X2 H330C. When tested before and after
MTSET at the pre-MTSET EC10 for ATP, the amplitude of
currents from H330C expressing oocytes were potentiated
12.4 � 1.2-fold (n � 7). In part this was due to an increase in
ATP potency from an EC50 of 7.0 � 0.6 �M (n � 4) to 1.5 � 0.8
�M (n � 5), but the current at maximal ATP was also increased
2.2 � 0.4-fold. The IC50 of zinc inhibition was slightly right
shifted afterMTSET treatment (from3.4� 0.3 to 6.5� 0.9�M).
However, when the change in the ATP concentration-response
relationship was corrected, the predicted zinc potency at the
post-MTSET EC10 for ATP was nearly 5-fold higher (0.69 �M).
Thus modifying this cysteine to give it a substantially larger
volume did not impair zinc inhibition.
Finally, we tested whether BMOE and BM(PEG)3, two

reagents that were demonstrated in Fig. 2 to form cross-links
across the subunit interfaces, altered receptor function (Table
2). BMOE had no effect on any of the measured properties of
the H209C/H330C mutant, even though the companion bio-
chemical studies indicated that these double mutant receptors
were extensively cross-linked by this treatment. In contrast, for
the H204C/H209C and H204C/H330C mutants BMOE re-
duced the currents in response to saturating ATP to �50% of
controls, providing physiological evidence that BMOE binding
had occurred. However, again there was no significant change in
either the ATP or zinc concentration-response relationship. One
possible explanation for the lackof change is that theBMOE-mod-
ified H204C/H209C and H204C/H330C receptors were com-
pletelynonfunctional.Another is that cross-linkingat this location
didnotalterATPorzincpotency.The resultswere less ambiguous
for BM(PEG)3. This compound had little effect on wild-type
hP2X2, as expected because there are no free cysteines on the
extracellular side. As with BMOE, there was no change in zinc
inhibition in either double mutant after exposure to BM(PEG)3.

However, in this case we know that BM(PEG)3-bound receptors
were functional, as after treatment the amplitude of the ATP-
evoked currents from both H204C/H209C and H204C/H330C
were dramatically potentiated, similar to the effect of MTSET on
H209C and H330C. Therefore we conclude that zinc inhibition
doesnot require thesecysteines tobeunmodified,nor tomoveany
further than BM(PEG)3 would allow and infer that this is also the
case for the endogenous histidines.

DISCUSSION

Thebiological role of zinc inhibition of hP2X2 is unknown, in
part because no mutations that significantly alter this modula-
tion had previously been described (7). In seeking a region of
the receptor that might be essential for zinc inhibition, our
attention was focused on the histidine cluster (His-204/His-
209/His-330) because the homology model to zP2X4.1 sug-
gested that these potential zinc-binding residues were close to
each other across a subunit interface, and because there was an
interesting amino acid difference in this region between the
human receptor, which has high potency zinc inhibition and
the rat receptor, which hasmuch lower potency zinc inhibition.
By focusing on this region of hP2X2, we have been able to pro-
duce receptors that respond relatively normally toATP, and yet
spread the sensitivity to inhibition by zinc over a 100,000-fold
range. At one extreme, P206C has an IC50 of about 10 nM and at
the other extreme H204A/H209A/H330A has an IC50 of about 1
mM. Other mutant receptors spread zinc potency fairly evenly
across this range (P206H near 100 nM, E75H near 1�M, wild-type
near 10 �M, and H209K and E75A near 100 �M). Two issues of
interest are what these results indicate about the nature of zinc
binding to hP2X2, and how thesemutant receptorsmight be used
to further our understanding of the in vivo role of P2X2 receptors.

One surprising feature that we have not yet explored exper-
imentally is that unlike wild-type hP2X2 and the other mutants
studied, in H330A modest potentiation by zinc was uncovered
at high ATP and zinc. A possible explanation for this result is
that some of the residues that bind zinc to cause potentiation in
rP2X2 are retained in hP2X2 (7) and that under appropriate
conditions H330A allows a residual bit of activity at this site to
be detected. Potentially relevant to this issue is that His-330 (and
its rat equivalent His-319) is known to be required for pH poten-
tiation, and so this site clearly has an influence on the gating
machinery (7, 13). Alternatively, it is possible that in the presence
of zinc, the H330A channels are able to slowly enter the same

TABLE 2
Effect of the cross-linkers BMOE and BM(PEG)3 on zinc inhibition of double C mutants in the histidine cluster
The same oocytes were studied before and after treatment.

Construct
Current at maximal ATP ATP EC50 Zinc IC50

Number of cellsPost-BMOE/Pre-BMOE Before BMOE After BMOE Before BMOE After BMOE

�M �M

H204C/H209C 44 � 6% 9.9 � 1.6 11.3 � 0.9 11.2 � 1.8 6.5 � 0. 6 5
H204C/H330C 47 � 4% 7.6 � 0.6 9.2 � 0.3 6.0 � 0.4 4.8 � 0. 7 3
H209C/H330C 97 � 8% 5.5 � 0.6 7.9 � 0.7 8.3 � 0.8 8.2 � 1.2 4

Construct
Current at 10 �M ATP Zinc IC50

Number of cellsPost-BM(PEG)3/Pre-BM(PEG)3 Before BM(PEG)3 After BM(PEG)3
�M

hP2X2 90 � 1% 19.5 � 3.1 19.8 � 1.3 3
H204C/H330C 363 � 59% 3.3 � 0.4 1.7 � 0.4 3
H209C/H330C 338 � 31% 3.8 � 0.5 6.0 � 0.7 3
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enhanced conductance state that results from bindingMTSET to
H209C, H330C, or P206C.Whatever the cause, the 2-fold poten-
tiation shown by this mutant indicates that it is very inefficient at
potentiation as compared with zinc potentiation of rat P2X2 and
MTSET potentiation of H209C, H330C, or P206C, which can be
over 100-fold when low concentrations of ATP are used.
Although mutations in the vicinity of the histidine cluster

had a dramatic effect on zinc potency, it remains unclear how
they did this. One possible interpretation of the results with the
H204A/H209A/H330A mutant is that these histidines consti-
tute most of the high potency binding site, and the very low
potency of zinc inhibition in this mutant represents residual
binding to other residues near them. A related possibility is that
these residues are the entire high potency site, and that the
residual inhibition is caused by low potency binding elsewhere.
Consistent with these ideas, when reciprocal changes were
made at the position in the histidine cluster that varies between
humans and rats (hHis-209 or rLys-197), the zinc potency was
reciprocally shifted. Similarly, when Pro-206, which in the
closed statemodel sits between these histidines, was changed to
known zinc binding residues (His or Cys) the potency of zinc
inhibition was greatly increased. Finally, MTSET modification
of P206C mutant receptors reversibly decreased zinc potency
by more than a factor of 50,000. However, two results previ-
ously reported aswell as several additional results reported here
are difficult to explain if this cluster is the zinc-binding site.
First, Tittle andHume (7) found that no single His to Alamuta-
tion had more than a modest effect on zinc inhibition, nor did
the double mutant H204A/H209A. Second, they reported that
when either His-204 or His-209 are mutated to cysteine, the
mutants retain potent zinc inhibition that is only subtly altered
after MTSET is bound. In contrast, in the high potency poten-
tiating zinc-binding site of rP2X2,mutating single essential his-
tidines nearly obliterates the modulation and binding MTSET
to these sites greatly attenuates it (14).We verified the previous
results and extended them by showing that MTSET did not
significantly interfere with the ability of H330C to respond to
zinc and might even enhance it. Furthermore, cross-linking
with BMOE or BM(PEG)3 failed to interfere with zinc inhibi-
tion. Finally, although BMOE cross-linking showed that cys-
teines at these locations can come within 8 Å of each other, to
bind zinc they would have to come within 2–3 Å (22). The S-S
distance in a disulfide bond is also between 2 and 3 Å, so the
failure of H2O2 to accomplish cross-linking suggests that
H330C does not get close enough to either H204C or H209C to
directly engage in zinc binding.
If the histidine cluster is not the zinc-binding site, howmight

modifications to this region increase or decrease the potency of
zinc inhibition and where might the binding site be? The
homologymodel suggests thatHis-204 andHis-209 sit just out-
side a potential entry into themiddle vestibule, andHis-330 sits
just inside it, so these residues are perfectly positioned to con-
trol access of zinc to a binding site in the middle or upper ves-
tibule. We therefore tested all of the most common zinc-bind-
ing residues in these vestibules. The inhibitory zinc-binding site
is unlikely to be in the upper vestibule, as simultaneous muta-
tion of all candidate zinc-binding residues had virtually no
effect in either hP2X2 or in humanized rP2X2. As far as the

middle vestibule, it is noteworthy that in zP2X4.1 (2) this region
has a gadolinium-binding site that is believed to be the cause of
Gd3� inhibition of this channel. The homologous position of
hP2X2 is a glycine, and so zinc cannot bind there.Of the highest
likelihood candidates for binding zinc within the middle vesti-
bule, mutation of Glu-326 and His-330 had only minor effects
on zinc potency but the substantial effects of mutation of
Glu-75 make it an appealing candidate for participation in zinc
binding. If so, additional residues would be needed, and the
most likely untested candidates are serines, which although
extremely rare in nanomolar affinity structural zinc-binding
sites (�0.1%) contribute to zinc binding in about 4% of the
lower affinity catalytic zinc sites (23). Candidates are Ser-76,
Ser-77, and Ser-106, all of which are close to Glu-75 in our
homology model. In summary, a plausible explanation for the
loss of zinc potency in H204A/H209A/H330A and MTSET-
modified P206C is that in these mutants zinc cannot enter the
middle vestibule, even though the binding site is intact.
Considerable evidence suggests that in the mammalian central

nervous system P2X2 receptors are expressed both on neurons
and glia (10, 24), but the CNS phenotype of mouse P2X2 knock-
outs is quitemodest (12).Themutantswehave characterizedhave
several potential uses in understanding the role of P2X receptors,
and how this role is modulated by zinc. It is estimated that the
typical concentration of free extracellular zinc in the brain is �20
nM (25), which would have no detectable effect on wild-type
hP2X2 or rP2X2. However, the zinc concentration in the synaptic
cleft beneath terminals that express the ZNT-3 vesicular zinc
transporter has been estimated to go above 10 �M (26), so any
wild-typeP2X2receptorsonneuronsorglia close to suchsynapses
would be expected to be modulated whenever ATP and zinc are
simultaneously present. Three mutants seem most promising.
First, hP2X2 H204A/H209A/H330A responds normally to ATP,
but is effectively zinc insensitive over the range that can occur in
the brain. Thus expressing this mutant as a replacement for wild-
type mouse P2X2 in knock-in replacement animals or in acutely
transfected slices from P2X2 knock-out mice seems a potentially
useful way to explore what occurs without zincmodulation. Con-
versely, P206H has greatly heightened zinc sensitivity without
compromising ATP responsiveness, such that it would be
expected to be inhibited (although not maximally) by basal zinc
levels, and thus could be used to chronically lower P2X2 “tone.”
Last,P206Cis sufficiently zinc sensitive that it shouldbeessentially
nonfunctional at basal zinc levels. However, when modified by
MTSET it can be reversibly converted to a state that is nearly zinc
insensitive, but has enhancedATP sensitivity. Thus, if away could
be found to express these P206C receptors in a system where
access by exogenously applied substances is possible (such as in
thin brain slices or in cell culture), it would be possible to observe
the same set of interactions with and without functional P2X2
receptors within just a few minutes by manipulating the zinc and
MTSET levels.
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