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The molecular mechanism underlying 
channel opening in response to ago-

nist binding remains a challenging issue 
in neuroscience. In this regard, many 
efforts have been recently undertaken in 
ATP-gated P2X receptors. Among those 
efforts, we have provided evidence in the 
P2X2 receptor that tightening of ATP 
sites upon agonist binding induces open-
ing of the ion channel. Here we extend 
our analysis to show that the sulfhydryl-
reactive ATP analog 8-thiocyano-ATP 
(NCS-ATP), a potent P2X2 agonist, 
when covalently labeled in the ATP-
binding site at position Leu186 likely 
favors the tightening mechanism, but not 
the channel opening mechanism. Our 
data predict the existence of intermediate 
or preactivation state(s) trapped by NCS-
ATP, in which tightening of the binding 
site is favored while the channel is still 
closed. We propose that this (these) inter-
mediate ATP-bound state(s) prime(s) 
channel gating in the P2X2 receptor.

Introduction

P2X receptors are a family of ligand-gated 
cation channels activated by extracellular 
ATP. They are trimeric assemblies com-
posed of seven distinct subunit subtypes 
(P2X1–7) that associate to form homo-
meric or heteromeric channels. Upon ATP 
binding, a large conformational change 
opens the transmembrane pore, allow-
ing Na+, K+ and Ca2+ ions to diffuse pas-
sively across the membrane. The first 
crystal structure of the zebrafish (zf) P2X4 
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receptor resolved in the absence of ATP 
confirmed in 2009 the unique protein fold 
of P2X receptors and revealed the confor-
mation of the closed state.1 This structure 
has aroused a wide interest and motivated 
several studies as evidenced by extensive 
efforts to define precisely the agonist-
binding site,2-5 to identify conformational 
changes that follow ATP binding,6,7 and 
to propose a mechanism of ions conduc-
tion through the open pore.8-10 Recently 
we used the site-directed affinity labeling 
strategy to trap ATP-binding sites in the 
rat (r) P2X2 receptor with the sulfhy-
dryl-reactive P2X2 agonist 8-thiocyano-
ATP (NCS-ATP).4 NCS-ATP covalently 
labeled two previously unidentified posi-
tions, Asn140 and Leu186, which resulted 
in distinct functional consequences. ATP-
gated currents were inhibited by labeling 
at N140C but potentiated by labeling at 
L186C.4

More recently we studied the protein 
conformational change in the rP2X2 
receptor accompanying ion channel acti-
vation by successfully engineering recep-
tors with histidines, in which extracellular 
zinc was able to bridge specifically distant 
regions that were predicted to come closer 
to each other during gating.11 Based on 
these geometrical constrains and on the 
use of the pore T339S mutation, which 
produces channels displaying spontane-
ous openings,12 we concluded that tight-
ening of the ATP sites, shaped like open 
‘jaws’ in the closed channel state, induces 
opening of the ion channel.11 We demon-
strated that ATP induces this tightening 
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fundamental question in neuroscience. An 
early attempt to formalize this fundamen-
tal process was achieved by del Castillo 
and Katz who postulated the existence 
of both inert (closed) and depolarizing 
(open) channel states.15 These states are 
in equilibrium and agonists or antago-
nists displace this equilibrium in favor 
to opening or closing of the ion channel, 
respectively.16 Recently this simple theory 
has been challenged by other studies, 
which depicted a more complex picture. 
It has been suggested that additional shut 
state(s) exist(s) before the opening of the 
ion channel. For example, in the case of 
the pentameric channels of the nicotinic 
receptor family, an earlier conformational 
change called priming or flipping has been 
identified to take place while the channel 
is still shut.17,18 For ATP-gated P2X recep-
tors, the existence of such intermediate 
shut states remains to be firmly demon-
strated, but a detailed kinetic study per-
formed on the rP2X2 receptor suggested 
that an additional closed state between the 
resting and active states was necessary to 
account for the delay in opening at satu-
rating concentration of ATP.19

In this paper we found that covalently 
bound NCS-ATP in the rP2X2 recep-
tor favors Zn2+-induced channel gat-
ing reflecting tightening of the binding 
site, but not channel opening. However, 
a major issue of our approach is the rel-
evance of the use of mutants covalently 
trapped by an ATP analog. For the fol-
lowing reasons, we believe that NCS-ATP 
trapped intermediate state(s) that is (are) 
normally populated by ATP in the wild-
type receptor. First, NCS-ATP is a potent 
P2X2 agonist in the wild-type receptor,4 
a condition necessary to reach conducting 
states. Second, the recent crystal structure 
of zfP2X4 bound to ATP showed that 
Leu191,13 which is homologous to Leu186 
labeled by NCS-ATP in the rP2X2,4 
was one of the residues directly involved 
in the adenine base recognition of ATP. 
This further validates the affinity labeling 
approach using cysteine mutants as chem-
ical sensors of agonist binding.20 Third, 
tethered NCS-ATP at L186C, but not 
MTSEA, favors jaw tightening of the bind-
ing site, as previously suggested for ATP,11 
and recently observed in the ATP-bound 
crystal structure.13 This suggests that only 

T339S mutant through the same histidine 
residues.11

We thus questioned whether cova-
lently bound ATP at Leu186 (Fig. 1B) 
was able to favor zinc activation as did 
non-covalently bound ATP.11 To monitor 
zinc activation,11 we introduced the L186C 
mutation into the T339S background. 
Zn2+ produced robust whole-cell currents 
in HEK-293 cells expressing the double 
mutant L186C/T339S (Fig. 1C). These 
currents were dramatically increased after 
NCS-ATP exposure, but interestingly they 
were barely potentiated after exposure to 
the sulfhydryl-reactive reagent 2-amino-
ethyl methanethiosulfonate hydrobromide 
(MTSEA) (Fig. 1C). Notably, covalently 
bound NCS-ATP in the binding site 
greatly enhanced both zinc sensitivity and 
efficacy (Fig. 1D). Consistent with previ-
ous data performed on the single mutant 
L186C,4 NCS-ATP or MTSEA robustly 
increased ATP-evoked currents (Fig. 1C), 
suggesting that introduction of the T339S 
mutation did not perturb the potentiation 
effects occurring in the ATP-binding sites. 
These results thus suggest that covalently 
bound NCS-ATP, but not MTSEA favors 
Zn2+-induced channel gating.

Single-channel recordings further elu-
cidated the mechanism underlying the 
potentiation by NCS-ATP of zinc-gated 
currents. In outside-out patches expressing 
the L186C/T339S double mutant, spon-
taneous openings were present, similar 
to those previously observed in the single 
mutant T339S.11,12 Furthermore, we found 
that the nominal open-channel probability 
(NP

o
) and unitary conductance remained 

unchanged after NCS-ATP exposure (Fig. 
1E). Detailed analysis of the open- and 
shut-time distributions (Fig. 1E) showed 
no change of the mean open-time (0.89 
ms and 0.90 ms for control and after 
NCS-ATP exposure, respectively) and 
the mean shut-time (47.0 ms and 46.6 ms 
for control and after NCS-ATP exposure, 
respectively). These results thus suggest 
that while tethered NCS-ATP favors Zn2+-
induced channel gating, it does not gate 
spontaneously the ion channel.

Discussion

The mechanism by which agonist binding 
causes a channel to rapidly open remains a 

mechanism, whereas the competitive 
antagonist 2',3'-O-(2,4,6-trinitrophenyl)-
ATP (TNT-ATP) most likely prevents 
this closure. Outstandingly, this agonist-
induced tightening mechanism has been 
very recently confirmed by a second crys-
tal structure of the zfP2X4 resolved at 
2.8 Å in the presence of ATP.13 In this 
structure, ATP binds to the expected 
site located at the subunit interface, and 
indeed promotes closure of the binding 
cleft.13 Interestingly, the adenine base is 
deeply buried in the binding pocket and 
makes hydrophobic interactions with non-
polar residues including Leu191, which is 
homologous to the P2X2-Leu186 labeled 
by NCS-ATP.13 To further document the 
action of agonists on P2X channel gating, 
we extend our analysis to show that NCS-
ATP covalently labeled at L186C likely 
favors the tightening mechanism, but not 
the channel opening mechanism. Our 
data not only confirm the jaw tightening 
mechanism, but also predict the existence 
of intermediate or primed ATP bound 
state(s) associated with jaw tightening, 
while the channel is still closed.

Results

Based on the two recent crystal structures 
of the zfP2X4 receptor resolved in the 
absence and presence of ATP,13 we built 
two homology rP2X2 models, one presum-
ably representing the closed state of the 
receptor (Fig. 1A, left), and another repre-
senting an ATP-bound, open channel state 
(Fig. 1A, right). Interestingly, we found (1) 
the adenine moiety of ATP in the rP2X2 
model in the open state was in direct con-
tact with the side chain of Leu186 (Fig. 
1A, right), a position previously labeled by 
the agonist NCS-ATP,4 as observed in the 
zfP2X4 crystal structure with the homolo-
gous residue L191;13 and (2) the distance 
separating the α carbons of the two histi-
dines His120 and His213 shortened by ~4 
Å in the open state, resulting in an over-
all tightening of the binding jaw, as we 
recently anticipated.11 This allowed us to 
reconstitute a zinc-binding site in the open 
state (Fig. 1A, right), consistent with the 
fact that zinc potentiates ATP-gated cur-
rents in the rP2X2 through residues H120 
and H213.14 This is also consistent with our 
recent data showing that zinc activates the 
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agonist covalently trapped in its binding 
site did not lock the receptor in an open 
channel state, or even, did not modify 
the spontaneous activities of the T339S 
mutant. If one admits, as previously pro-
posed, that NCS-ATP labeling occurred 
in a partially agonist-bound state,4 then 
a possible explanation may be that partial 

The present study also reports the 
fact that NCS-ATP attachment did not 
affect the spontaneous channel activities 
in receptors bearing the T339S mutation. 
This further confirms our previous obser-
vation that covalently bound NCS-ATP 
failed to open substantially the channel,4 
but also raises the question of how an 

an ATP moiety covalently attached to the 
binding site produces a mechanism that 
is similar to that induced by ATP. Taken 
together, these data strongly suggest that 
tethered NCS-ATP at L186C is akin to 
binding an ATP molecule, and thus that 
NCS-ATP may trap state(s) relevant to 
activation.

Figure 1. For figure legend, see page 401.
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NCS-ATP exposure, cells or patches were 
always washed by the external solution for 
at least 15 sec before recordings.
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structure by X-ray crystallography of this 
(these) intermediate shut state(s) trapped 
by NCS-ATP, as recently performed in a 
pentameric proton-gated ion channel by 
chemical cross-linking.23

Materials and Methods

Molecular modeling. The all-heavy-atom 
structures of the zfP2X4 receptor taken 
from the Protein Data Bank (PDB) ID 
codes 4DW0 and 4DW1 were taken as 
templates to construct the rP2X2 models 
with the program MODELER.24 For the 
open state model the ATP molecule pres-
ent in the PDB file was retained and the 
zinc-binding site was reconstructed by 
imposing a distance constrain (2.06 Å) 
between zinc ion and the NE2 atom of 
histidines.

CDNA construction and site-directed 
mutagenesis. The pcDNA-based expres-
sion plasmids, mutagenesis and sequenc-
ing procedure have been described 
previously.6

Cell culture and transfection. HEK-
293 cells were cultured and transiently 
transfected with the rP2X2 L186C mutant 
(0.01 μg and 2 μg for single-channel 
recording and whole-cell recording, 
respectively) and a green fluorescent pro-
tein cDNA construct (0.3 μg). Culture 
and transfection procedures were followed 
as described previously.6

Chemicals. MTSEA was purchased 
from Toronto Research Chemicals. ZnCl

2
 

solution and other drugs were purchased 
from Sigma. NCS-ATP was synthesized 
and characterized as described previously.4

Electrophysiology. Whole-cell and 
single-channel recordings were performed 
as described previously.11 Following 

occupation of the binding sites is not suf-
ficient to alter the equilibrium between 
closed and open states. This hypothesis, 
that deserves further experimental testing, 
might also readily explain why NCS-ATP 
failed to lock irreversibly the receptor in 
an open pore conformation. This mecha-
nism would be reminiscent of that found 
in the cyclic nucleotide-gated channels, in 
which monoliganded channels open with 
a very low probability that is not different 
from spontaneous channel opening.21

On the basis of our results we propose 
the existence of intermediate closed chan-
nel state(s) that follow(s) the resting (or 
apo) state, but precede(s) an open channel 
state in the P2X2 receptor. In this model, 
gating proceeds with two steps. First, fol-
lowing partial occupation of the receptor 
by the agonist there is a conformational 
change of the protein confined within 
the binding sites that primes the tighten-
ing of the open jaws. In this intermediate, 
partially agonist-bound state, the initial 
conformational change is not sufficient to 
significantly open the channel, but instead 
is sufficient to increase agonist binding 
for unoccupied site(s). Second, follow-
ing more occupancy of the binding sites 
due to increased agonist binding, a sub-
sequent and larger conformational change 
that is spread up to the channel region 
then opens the ion pore. This implies 
that opening requires full occupancy of 
three—or maybe two—sites by agonist 
to escape from the intermediate state(s), 
a conclusion that is consistent with a 
previous detailed single-channel kinetic 
study performed on the P2X2 receptor, 
which showed that channels only open 
after being fully liganded.22 An attractive 
future direction would be to resolve the 

Figure 1 (See opposite page). (A) Structural model of the binding jaw of the rP2X2 receptor built from the X-ray structures of zfP2X4 resolved in the 
absence (left, open jaw) and presence (right, tightened jaw) of ATP. The distance separating the α-carbons of the two histidines forming the Zn2+-
binding site, and the distance between the α-carbon of the Leu186 and position 8 of adenine ring of ATP are indicated. (B) Chemical structures of 
NCS-ATP and MTSEA covalently tethered to Cys186 in the rP2X2 L186C mutant. R = P3O9

4-. (C) Representative traces (left) and corresponding pooled 
data (right, n = 3–5 for each condition) showing the potentiating effect of NCS-ATP (10 μM, 30 sec) or MTSEA (1 mM, 30 sec) application on ATP- (100 
μM) or Zn2+- (100 μM) evoked currents on cells expressing the L186C/T339S mutant. Potentiation was defined as the ratio of Zn2+- or ATP-gated cur-
rents recorded after exposure to either NCS-ATP or MTSEA to those recorded before exposure. (D) Dose-response curves of Zn2+-evoked currents for 
the double mutant L186C/T339S before (EC50 = 102 ± 24 μM, nH = 1.2 ± 0.1, n = 4) and after (EC50 = 42 ± 5 μM, nH = 1.7 ± 0.2, n = 4) NCS-ATP (10 μM, 30 
sec) treatment. (E) Single channel currents (upper left) from outside-out patches expressing the double mutant L186C/T339S showing that channels 
open spontaneously before and after NCS-ATP treatment (10 μM, 12 sec). Corresponding dwell-time distributions (right) of open- and shut-times of 
channel activities (pooled data from 6 patches containing 3077 events for the control, and seven patches containing 6872 events for the condition af-
ter NCS-ATP treatment). The open-time distribution can be best fit with two components [τ1 = 0.43 ms (87.9%), τ2 = 2.34 ms (12.1%) for control; τ1 = 0.41 
ms (88.4%), τ2 = 1.88 ms (11.6%) after NCS-ATP treatment]. The shut-time distribution can be best fit with three components [τ1 = 8.48 ms (42.2%), τ2 = 
39.09 ms (37.0%), τ3 = 195.9 ms (20.8%) for control; τ1 = 8.16 ms (58.3%), τ2 = 46.91 ms (31.8%), τ3 = 263.8 ms (9.9%) after NCS-ATP treatment]. Histograms 
(bottom left) showing the NPo and the single-channel conductance remain unaltered after NCS-ATP treatment.
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