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P2X receptors are ATP-gated cation channels. The x-ray
structure of a P2X4 receptor provided a major advance in under-
standing the molecular basis of receptor properties. However,
how agonists are coordinated, the extent of the binding site, and
the contribution of the vestibules in the extracellular domain to
ionic permeation have not been addressed. We have used cys-
teine-scanning mutagenesis to determine the contribution of
residues Glu®>~Gly”® to human P2X1 receptor properties. ATP
potency was reduced for the mutants K68C, K70C, and F92C.
The efficacy of the partial agonist BZATP was also reduced for
several mutants forming the back of the proposed agonist bind-
ing site. Molecular docking in silico of both ATP and BzATP
provided models of the agonist binding site consistent with
these data. Individual cysteine mutants had no effect or slightly
increased antagonism by suramin or pyridoxal-phosphate-6-
azophenyl-2’,4’-disulfonate. Mutants at the entrance to and lin-
ing the upper vestibule were unaffected by cysteine-reactive
methanethiosulfonate (MTS) reagents, suggesting that it does
not contribute to ionic permeation. Mutants that were sensitive
to modification by MTS reagents were predominantly found
either around the proposed ATP binding pocket or on the
strands connecting the binding pocket to the transmembrane
region and lining the central vestibule. In particular, ATP sen-
sitivity and currents were increased by a positively charged MTS
reagent at the G60C mutant at the interface between the central
and extracellular vestibule. This suggests that dilation of the
base of the central vestibule contributes to gating of the
receptor.

P2X receptors are ATP-gated cation channels made from the
homo- or heterotrimeric assembly of P2X1 to -7 receptor sub-
units (1). Their activation mediates a variety of physiological
processes, including the neuronal control of smooth muscle
contraction, synaptic transmission, taste, and pain sensation,
making them novel therapeutic drug targets (2-5). A mutagen-
esis-based approach has been used to develop an understanding
of the molecular basis of agonist action at P2X receptors
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because they lack homology with other ATP-binding proteins.
A model of the core site of ATP action was proposed with the
conserved positive residues Lys®®, Lys’, and Lys®**® binding the
phosphates, Asn**°, Phe*?!, and Arg**” associated with the ade-
nine ring, and a regulatory role of a Phe'®>-Thr'®® doublet
through polar interactions (6). The publication of a high reso-
lution structure for the zebrafish P2X4 receptor in an agonist
free state (7) has been a major advance. The residues predicted
to be involved in ATP binding form a cluster between two adja-
cent subunits (7); however, docking simulations of agonist
binding have not been described. The structure also confirms
that the second transmembrane segment lines the channel
pore. In addition, three vestibules (upper, central, and extracel-
lular) within the extracellular region have been identified (7),
and one or a combination of these seems likely to provide a
pathway for ions to enter the channel pore.

In this study, we have used cysteine-scanning mutagenesis to
investigate the contribution of residues Glu®*~Gly”® to human
P2X1 receptor function (Fig. 24). This run of residues incorpo-
rates five regions of potential importance to receptor function:
(i) residues Glu®*>~Val®” link the proposed ATP binding site to
the first transmembrane (TM1) segment and therefore could
contribute to gating of the channel; (ii) Lys®*~Lys’® has been
suggested to have a role in ATP potency; (iii) Leu”*~Trp®® may
contribute to antagonist binding because Lys’® plays a role in
suramin sensitivity at P2X4 receptors (8); (iv) based on the crys-
tal structure of the P2X4 receptor, the region Asp**~Gly”® may
form the inner face of the predicted ATP binding pocket; and
(v) several of the residues are predicted to line the vestibules
that pass through the center of the extracellular portion of the
receptor. The characterization of cysteine mutants of this
region provides a systematic unbiased study of the contribution
of these residues to receptor function. We characterized the
effects of cysteine mutation on sensitivity to ATP, the efficacy
of partial agonists, inhibition by antagonists (suramin and
PPADS), and modification by methanethiosulfonate (MTS)?
reagents. These results and previous cysteine-scanning mutat-
agenesis data (6, 9) have been mapped onto a P2X1 receptor
homology model and, with docking simulations, provide for the

3 The abbreviations used are: MTS, methanethiosulfonate; BzATP, 2’,3'-0-
(4-benzoylbenzoyl)-ATP; ApS5A, P'P>-diadenosine 5’-pentaphosphate;
MTSEA, (2-aminoethyl)methanethiosulfonate hydrobromide; MTSES,
sodium (2-sulfonatoethyl)methanethiosulfonate; MTSET, [2-(trimethylam-
monium) ethyllmethanethiosulfonate bromide; «,3-meATP, «,8-methyl-
ene ATP; PPADS, pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate.

JOURNAL OF BIOLOGICAL CHEMISTRY 29207


http://www.jbc.org/cgi/content/full/M111.260364/DC1

Agonist Binding and Gating of P2X1 Receptors

first time a model of agonists docked to the receptor, identify a
ring of charge between the central and extracellular vestibule
associated with channel gating, and suggest that the upper and
central vestibules do not contribute to the ionic permeation
pathway.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Cysteine point mutations for
residues Glu>”>-~Gly”® were introduced via the QuikChange
mutagenesis kit (Stratagene, La Jolla, CA) using the human
P2X1 receptor plasmid as the template, as described previously
(10). Production of the correct mutations and absence of coding
errors in the P2X1 mutant constructs were verified by DNA
sequencing (Automated ABI Sequencing Service, University of
Leicester).

Expression in Xenopus laevis Oocytes—Wild type and mutant
constructs were transcribed to produce sense strand cRNA
(mMessage mMachine, Ambion, Austin, TX) as described pre-
viously (10). Manually defolliculated stage V X. laevis oocytes
were injected with 50 nl (50 ng) of cRNA using an inject +
Matic microinjector (L. A. Gaby, Inject + Matic, Genéva, Swit-
zerland) and stored at 17 °C in ND96 buffer (96 mm NaCl, 2 mMm
KCl, 1.8 mm CaCl,, 1 mm MgCl,, 5 mMm sodium pyruvate, 5 mm
HEPES, pH 7.6). Medium was changed daily prior to recording
3-7 days later.

Electrophysiological Recordings—Two-electrode voltage
clamp recordings (at a holding potential of —60 mV) were per-
formed on cRNA-injected oocytes using a GeneClamp 500B
amplifier with a Digidata 1322 analog-to-digital converter and
pClamp 8.2 acquisition software (Axon Instruments, Molecular
Devices, Foster City, CA), as described previously (10). Native
oocyte calcium activated chloride currents in response to P2X
receptor stimulation were reduced by replacing 1.8 mm CacCl,
with 1.8 mm BaCl, in the ND96 bath solution. ATP (magnesium
salt) was applied via a U-tube perfusion system, as were BZATP
and Ap5A (all from Sigma). Agonists were applied usually for
3 s at 5-min intervals. Using this regime, reproducible agonist-
evoked responses were recorded. Individual normalized con-
centration-response curves were fitted with the Hill equation,
Y = X"/(X* + EC,"), where Y is response, X is agonist con-
centration, H is the Hill coefficient, and EC, is the concentra-
tion of agonist evoking 50% of the maximum response. pEC,, is
the —log,, of the EC,, value. For the calculation of EC, values,
individual concentration response curves were generated for
each experiment, and statistical analysis was carried out on the
pEC,, data generated. In the figures, concentration response
curves are fitted to the mean normalized data.

32P-Labeled 2-Azido-ATP Binding Assay—To assess any
effects of mutation on agonist binding, we used a **P-labeled
2-azido-ATP binding assay for WT, K68C, K70C, and F92C
mutants, as described previously (6).

Effects of Methanethiosulfonate Compounds—To study the
effect of MTS compounds on wild type and cysteine mutants,
ATP (~EC,, concentration) was applied, and MTSEA, MTSES,
or MTSET (Toronto Research Chemicals, Toronto, Canada)
was bath-perfused (for at least 5 min; the recovery time
required between application to see reproducible responses)
prior to co-application with ATP via the U-tube. MTS reagents
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(1 mm) were made in ND96 solution immediately prior to use.
The effect of MTS reagents on the concentration responses to
ATP was investigated by application of ATP in the presence of
MTS reagents or following a 3-h incubation of oocytes in MTS
reagents and then subsequent ATP application via the U-tube
with ND96 bathing solution (no MTS reagents present). The
same results were found with either method.

Characterizing the Effects of Amntagonmists—Suramin or
PPADS was perfused in the bath as well as co-applied with ATP
from the U-tube. To investigate the effects of cysteine mutation
on antagonist sensitivity, a concentration of antagonist that
reduced the EC,, concentration of ATP response by halfat WT
P2X1 receptors (either 3 um suramin or 3 um PPADS) was
applied to the P2X1 receptor mutants. Schild analysis was used
to estimate the pKj; of suramin.

Analysis—All data are shown as means *= S.E. Significant
differences between WT and mutants were calculated by one-
way analysis of variance followed by Dunnett’s test for compar-
isons of individual mutants against control using GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA). The signifi-
cance of any changes in ATP potency by MTS compounds was
determined with the appropriate Student’s ¢ test.  corresponds
to the number of oocytes tested for electrophysiological data,
and for biochemical studies, experiments were repeated at least
three times.

Molecular Modeling—The trimeric assembly of the human
P2X1 receptor (residues 33—352) was modeled in Modeler ver-
sion 9.7 (11) based on the zebrafish P2X4 structure (Protein
Data Bank code 3I5D) as template. Target and template share
44% sequence identity and 67% sequence similarity based on a
BLAST alignment. Of the models generated, the best model
was selected based on Modeler’s scoring function and external
validation via Whatcheck (12) and PROSA (13). This model
then served as the starting structure for ligand docking with
ATP and BzATP. In preparation for ligand docking, atomic
coordinates for ATP were extracted from the Protein Data
Bank (entry 1HCK). Hydrogens were added in Hyperchem 8.0
(Hypercube Inc., Gainesville, FL) using the MM + force field to
generate two alternative protonation states, ATP3- and ATP2-,
followed by steepest descent energy minimization until conver-
gence. In a similar way, BZATP was built and optimized based
on the energy-minimized ATP structure. Both ATP and BZATP
were docked into the P2X1 homology model using the GOLD
package (14). The approximate location of the ATP binding site
was set based on previous work (15) and defined as all residues
within a 20-A sphere centered at the Phe? backbone nitrogen.
The side chains of residues Lys®®, Lys”®, Arg®??, and Lys>*® were
treated as flexible using the “flexible side chain-library” option
in GOLD to better accommodate the triphosphate moiety
of ATP. The resulting docking poses were ranked by their
GOLDScores and inspected manually. All figures illustrating
molecular modeling results were prepared in PyMOL (version
1.2r3; Schrodinger, LLC), and internal cavities were visualized
using the Hollow tool (16).

RESULTS

Effects of Cysteine Point Mutations on ATP Sensitivity—The
region Glu®?>-Gly”® spans from the first transmembrane
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FIGURE 1. Effect of point cysteine mutations on ATP potency. Agonist action was tested on P2X1 WT and P2X1 receptor mutants expressed in oocytes by
two-electrode voltage clamp (holding potential, —60 mV). A, concentration responses to ATP for oocytes expressing WT, K68C, K70C, and F92C mutant P2X1
receptors. ATP was applied for 3 s (indicated by the black bar; scale bar, 1 uA for all). B, summary of concentration response data for WT and mutants K68C, K70C,
and F92C, which showed a significant decrease in ATP potency (n = 3-4). Error bars, S.E. The inset represents the slower response times of K68C, K70C, and F92C
compared with WT in response to a maximum concentration of ATP. C, autoradiograph depicting radiolabeled [*?P]2-azido-ATP cross-linked to WT and mutant
receptors (mean EC;, for ATP (in um) is shown in parentheses). D, summary showing pECs, values of all mutants compared with WT (left). Values are shown as
means = S.E. Significant differences from the wild type are indicated (***, p < 0.001). Conserved residues are highlighted in black.

domain up through the inner vestibule of the channel to the
proposed ATP binding site and then loops back to the rear of
the agonist binding pocket (Fig. 24). The contribution of indi-
vidual residues in this region to receptor properties was deter-
mined by cysteine-scanning mutagenesis. ATP evoked concen-
tration-dependent P2X1 receptor-mediated currents from WT
receptors with an EC, of ~1 um (Fig. 1, A and B) and responses
to a maximal concentration of ATP desensitized during the
continued presence of agonist (time to decay from the peak to
50% was 949 * 162 ms) as reported previously (10). For the
majority of mutants tested in the run Glu**~GIn®® (42 of 45),
cysteine substitution had no effect on ATP sensitivity or peak
current amplitude (Fig. 1D and supplemental Table i) (we have
previously reported the G96C results in a modest 4-fold
decrease in ATP sensitivity (17)). Interestingly, mutation of the
residues equivalent to GIn®® and Asp®® in the P2X2 receptor
(Q56C and E85A (18, 19)) were non-functional, suggesting that
there are subtype differences in the ability to tolerate mutation.
ATP sensitivity was reduced by >3000-fold at the K68C mutant
(saturating concentration response curves could not be gener-
ated, and the EC,, was estimated to be >3 mm). ATP currents
at the K68C mutant evoked by the highest concentration of
agonist tested (10 mm) also showed little decline during a
3-s application (0.75 £ 0.49% decline, n = 8), and the time to
50% decay was ~35-fold slower (774 * 114 and 28,815 * 2037
ms for WT and K68C respectively, n = 6) than for WT recep-
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tors. Peak currents to a maximal concentration of ATP were
also reduced by ~90% (992 = 88 and 8503 = 577 nA for K68C
and WT, respectively, p < 0.001). However, Western blot anal-
ysis showed that the level of both total and surface expression of
the K68C mutant receptors was equivalent to WT (data not
shown), indicating that reduced current amplitude does not
result from a decrease in receptor expression. K70C showed a
modest 10-fold decrease in ATP potency (EC5, ~10 um, p <
0.001), with no change in peak amplitude. ATP potency was
also reduced by almost 100-fold at the F92C mutant receptor
(ECyp ~100 M, p < 0.001), with no change in peak amplitude.

The decrease in ATP potency for the mutants K68C, K70C,
and F92C could result from an effect on agonist binding and/or
channel gating. Because WT and K68C, K70C, and F92C
mutants are expressed at the same level on the cell surface (data
not shown), a 2-azido-ATP binding assay was used to gain
insight into the mechanisms underlying the changes in potency
(6, 9). Radiolabeled 2-azido ATP incorporation following pho-
toactivation was reduced by 84.0 = 3.7,55.2 + 4.2, and 46.2 =
4.2% compared with WT for K68C, K70C, and F92C, respec-
tively (p < 0.001 for K68C, and p < 0.01 for K70C and F292C;
Fig. 1C). The reductions in 2-azido-ATP labeling at K68C and
K70C are consistent with the proposed contribution of these
residues to binding the negative charge of the phosphate of
ATP. For F92C, 2-azido-ATP binding was reduced to a similar
extent as that for K70C; however, ATP sensitivity was 10-fold
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FIGURE 2. Homology model and ATP docking for the P2X1 trimer. Images were generated in PyMOL. A, overview of the P2X1 homology model, highlighting
residues 52-96. Residues studied by cysteine-scanning mutagenesis are displayed as spheres in rainbow colors (red, Glu>>~Ser®; orange, Gly®°-Ser®*; yellow,
Val®*-Val®’; green, Lys®®-Lys’®; blue, Gly”'-Thr”>; indigo, GIn”®~Leu®®; violet, Gly®'-Gly®®) for the P2X1 subunit in the front of the picture. The overall structure of
this subunit is shown in a black schematic representation, whereas the two P2X1 subunits in the background are shown in a surface and grid representation,
respectively. B, mapping of mutation data onto the P2X1 homology model. All residues are shown as spheres. Residues colored black have been tested for their
contributions to ATP sensitivity. Of these, residues that make substantial contributions to ATP sensitivity are highlighted in green (Lys®®, Lys”®, Phe®?, Thr'®,

Asn??°, Phe??, and Arg®°?). Residues not tested are shown in white. To give a more complete picture, previously published data for residues Glu'®'-Val**® and

Ser?®°—|le*?° have been included in addition to residues Glu®>~Gly®®. C, overview of the P2X1 model showing the ATP binding site and the predicted ATP
binding pose. The three subunits of P2X1 (residues 33-352) are shown in schematic representations in blue, black, and gray, respectively. One docked ATP
molecule located at the interface between two subunits is displayed as spheres in CPK colors. The overall shape of the P2X1 model is indicated by the
semitransparent surface for all three subunits. D, zoom into the ATP-binding site from the front (left) and rear (right). The best scoring docked pose of ATP is
shown as spheres. Residues within 3 A of ATP are shown as sticks, the blue and yellow colors indicating different subunits of the P2X1 trimer. Predicted hydrogen
bonds are plotted as dotted lines in black. The middle panel illustrates the available space in the ATP binding cavity as determined by a hollow for both views.
The volume of the cavity is shown as a transparent surface representation with the docked ATP in spheres.

further reduced for the F92C mutant compared with K70C.
This suggests that in addition to a role on agonist binding, Phe””

receptor. A homology model for the human P2X1 receptor was
generated to visualize the effects of site-directed mutagenesis in

may also contribute to the subsequent gating of the P2X1
receptor, and this combined effect accounts for the reduction in
ATP potency.

Homology Modeling, Mutant Mapping, and Agonist
Docking—The results of the present study highlight a role of
residues Lys®®, Lys”®, and Phe®” in ATP action at the P2X1
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astructural context (Fig. 2, A and B). Based on the knowledge of
key residues involved in ATP binding, ligand docking was used
to model the ATP binding site in detail (Fig. 2, C and D). The
output of the P2X1-ATP ligand docking experiment is a ranked
list of potential poses of ATP binding to the P2X receptor. Strik-
ingly, the solutions with the highest GOLD fitness scores in the
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docking experiment have some key features in common; the
positively charged residues Lys®®, Lys’, Arg®®?, and Lys**® and
the NH,-amide of Asn**® coordinate the partially negatively
charged oxygens of the phosphate moiety. The adenine ring is
centered in a hydrophobic pocket formed by Val®”, Phe'®,
Phe?®, and Phe®'. For the amino group of the ATP-adenine,
the best ranked solution predicts two hydrogen bonds to the
backbone carbonyls of Gly”® (reduced ATP potency for cysteine
mutant (17) and reduced partial agonist effects) and Asp®’.
The ribose is predicted to be close to Phe”? (consistent with the
decrease in ATP potency at F92C); the best ranked solution
suggests that Leu®® donates an hydrogen bond to the ring oxy-
gen of the ATP-ribose, whereas the backbone carbonyl of Ala®®
interacts with the 3’-hydroxy group of the ATP-ribose. Muta-
tions at the conserved doublet Phe'®*-Thr'®¢ (P2X1 receptor
numbering) can affect ATP potency (6, 20). However, these
conserved residues (185,186 P2X1 receptor numbering) are at
least ~5-7 A from the closest atom of the docked ATP in the
model and in this conformation are unlikely to interact directly
with the agonist. It thus seems likely that these residues may be
involved in conformational changes associated with agonist
binding and/or gating of the channel. These could arise from
interactions with other parts of the receptor; one possibility
could be an interaction with the cysteine-rich head region. At
P2X2 and P2X3 receptors, mutation of the conserved glycine
equivalent to residue 71 (P2X1 numbering) reduced ATP
potency (21, 22). The lack of effect of the G71C mutation in the
present study indicates differences between the subunits that
may contribute to their variations in pharmacology. Overall,
the docking based predictions are consistent with our mutagen-
esis studies on the P2X1 receptor and provide a structure/dock-
ing-based working model of the ATP binding site.

Partial Agonists Identify Additional Residues Involved in Ago-
nist Action and Allow Testing of the Model of the Proposed ATP
Binding Site—The efficacy of partial agonists provides a sensi-
tive measure of changes in agonist action. For example, at WT
receptors, BZATP is equipotent with ATP but is a partial ago-
nist with an efficacy of ~0.45-0.5 (20). At the majority of
mutants (32 of 45), there was no change in efficacy for BZATP
compared with WT receptors (supplemental Table i). For the
mutants K68C, K70C, and F92C that decreased ATP potency,
the partial agonist BZATP (100 um) was essentially ineffective
(Fig. 3, A and B). Although 100 um BzATP is not a maximal
concentration at these mutants, from studies on the WT recep-
tor, where BzATP is equipotent, one would predict that a
response of ~40% of that of ATP should still be recorded if
there was no change in efficacy. There were 10 mutants that
showed no change in ATP sensitivity where BZATP activity was
either increased (>80% maximum response to ATP for L72C
and A73C), decreased by about half (162C, G81C, W85C, Q95C,
and G96C), or almost abolished (T75C, Y90C, and P93C)(Fig. 3,
A and B, and supplemental Table i). For mutants where the
response was reduced or abolished, there was no difference in
efficacy between 10 and 100 um BzATP, indicating that there
had not been a decrease in potency. These results show that
the partial agonist BZATP can be useful in characterizing subtle
changes in agonist action at P2X1 receptors. Mapping these
mutants onto the homology model of the P2X1 receptor shows
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that they are predominantly clustered around the predicted
ATP binding site (Fig. 3, C-E).

The agonist actions of BZATP are also of particular interest
because they allow further testing of the ATP binding site
model. The substitutions of the benzoyl groups on the ribose
ring are quite large and would need to be accommodated in the
agonist binding pocket. Molecular docking simulations for
BzATP are less conclusive than the ATP docking. The most
plausible solutions find the phosphate moiety of BzZATP in a
similar orientation as in the docked ATP, forming polar inter-
actions with the side chains of Lys”®, Asn**°, Arg**?, Lys**?, and
(less pronounced) Lys®®. In these solutions, the adenine and
ribose rings of BzZATP are slightly rotated compared with ATP
so that the 3’-O-4-benzoyl-benzoyl substituent protrudes
along Asp®®, Tyr®, Phe®, and Pro®* (see Fig. 3E). Similar ori-
entations and docking scores were found for the 2'-O-isomere,
so the ligand docking results do not predict any preference for
one of the two BzATP isomers. These results indicate that
BzATP can be accommodated within the predicted ligand
binding pocket and have an orientation similar to that of ATP.

For those mutants with a change in efficacy to BzZATP, we
also determined whether there was an equivalent change for the
partial agonists Ap5A and «,B-meATP (applied at 100 um,
these agonists have potency similar to that of ATP (20, 23). At
WT receptors, the efficacy of Ap5A and «,8-meATP was
0.40 = 0.09 and 0.56 = 0.09, respectively (n = 5). The pattern of
changes in efficacy for Ap5A was the same as for BZATP for the
majority of mutants (increases for L72C and A73C and
decreases in efficacy K68C, K70C, T75C, G81C, Y90C, F92C,
P93C, Q95C, and G96C) (Fig. 3F). However, there was no
change in efficacy for Ap5A compared with WT for mutants
162C and W85C. For «,B-meATP, L72C and A73C mutants
showed increased efficacy, and only K68C, K70C, and F92C
showed a significant decrease in efficacy compared with WT
(Fig. 3G).

These results show that partial agonists can reveal subtle
changes in properties of the P2X receptor not seen for ATP and
that they can be used to classify mutants into four groups: (i)
those with a decrease in ATP potency and partial agonists
(K68C, K70C, and F92C), (ii) those with an increase in efficacy
to all three partial agonists with no change in ATP sensitivity
(L72C and A73C), (iii) agonist-dependent efficacy changes
(T75C, G81C, Y90C, F92C, P93C, and Q95C; reductions in
BzATP and Ap5A efficacy but no effect on a,8-meATP), and
(iv) those least sensitive to partial agonists (162C and W85C;
efficacy reduction only for BZATP).

Antagonist Action at P2X1 Receptor Mutants—Suramin and
PPADS are antagonists at P2X receptors (24, 25), and residues
around the proposed ATP binding groove have been shown to
be involved in antagonist sensitivity (7). In the region Glu>*~
Gly®®, suramin sensitivity has been associated with Lys”® in the
P2X4 receptor (8), and a recent study on P2X2 receptors has
modeled suramin derivative docking within the predicted ATP
binding pocket with interactions with residues equivalent to
Lys”® and Gly”" (22).

Suramin produced a parallel rightward shift in the concen-
tration-response curve to ATP at WT P2X1 receptors indica-
tive of a competitive antagonist (supplemental Fig. 1). At WT
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FIGURE 3. Effect of cysteine point mutations on partial agonist efficacy. Partial agonist action was tested on WT and P2X1 receptor mutants expressed in
oocytes by two-electrode voltage clamp (holding potential, —60 mV). A, representative recordings of currents evoked by partial agonists (100 um) compared
with control ATP (100 um) (black) for WT and mutants K68C, L72C, and Y90C. K68C and Y90C both show a decrease in efficacy of BZATP (blue) compared with
the variable sensitivity of AP5A (amber) and «, 3-MeATP (green), with L72C having an increased efficacy of all of the partial agonists. B, summary of all mutants
demonstrating significant changes in efficacy of BzATP. C, schematic representation of the P2X1 receptor homology model; mutants that modified BzATP
efficacy are shown as spheres. Red, decrease in ATP potency and reduced BzATP efficacy; green, no effect on ATP potency and reduced efficacy; magenta, no
effect on ATP potency and increased efficacy. D, higher magnification of the region around the proposed ATP binding pocket showing mutants that change
BzATP efficacy (same coloring as in C). E, molecular docking of BzATP to the P2X1 receptor shows that BzATP can fit within the proposed ATP binding pocket.
Docking is shown for both ATP (in gray) and BzATP (in black), and residues that modified BzATP efficacy are shown (same coloring as in C and D). F and G, the
effect of AP5A and «,8-MeATP on the corresponding mutants. Significant changes in efficacy are shown as black bars. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Conserved residues are highlighted in black. Error bars, S.E.

P2X1 receptors, an EC,, concentration of ATP (10 um) was
reduced by 50% (52 = 2%) by 3 um suramin. Testing of the
effects of this concentration of suramin on an EC,,, concentra-
tion of ATP at the cysteine mutants provided a sensitive assay to
detect any changes in antagonist action. There was no change in
suramin sensitivity for the majority of mutants (37 of 45). How-
ever, there was an increase in sensitivity at the mutants Y55C,
K68C, K70C, G71C, T75C, Y90C, P93C, and Q85C (Fig. 4,
A-C). Interestingly, for the majority of these mutants (six of
eight), this increase in suramin antagonism was associated with
a decrease in sensitivity to the partial agonist BZATP (supple-
mental Table i). A Schild analysis of the actions of suramin was
determined for the mutant with the greatest increase in sura-
min action (Y90C). At the YOOC mutant, suramin had a pA, of
7.2 (slope 1.15), an ~3-fold higher affinity than for the WT (pA,
of 6.7, slope 0.93) (Fig. 4B).

PPADS acted as a noncompetitive antagonist and decreased
the amplitude of ATP-evoked currents at WT P2X1 receptors
with no change in the time course or the EC,, value (Fig. 4 and
supplemental Fig. 1). The response to an EC,, concentration of
ATP at P2X1 WT receptors was reduced by ~50% (44 = 7%) by
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1 uM PPADS, and this paradigm was used to test for any
changes in PPADS sensitivity for the cysteine mutants. There
was no change in sensitivity to PPADS for any of the cysteine
mutants with the exception of 162C, where 1 um PPADS was
more effective and reduced the response to an EC,, concentra-
tion of ATP by 94 * 3% (Fig. 4, A and C). These results suggest
that individual residues in the region Glu®*~Gly”®, including
those within the predicted ATP binding pocket, do not make a
major contribution to suramin or PPADS sensitivity at the
P2X1 receptor.

Effects of Charged Methanethiosulfonate Reagents on Cys-
teine Mutants—Thiol-reactive MTS reagents have previously
been used to modify accessible cysteine residues and investigate
arange of ion channels, including P2X receptors (26, 27). In this
study, we tested the effects of negatively charged MTSES and
the larger positively charged MTSET on current amplitude and
ATP potency at the cysteine mutants. For WT P2X1 receptors,
MTSES (1 mm) had no effect on receptor currents in response
toan EC,, concentration of ATP (Fig. 5), as previously reported
(9) and consistent with a lack of free cysteine residues in the
native receptor. For the majority of mutants (35 of 45), MTSES
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FIGURE 4. Antagonist action at P2X1 receptor mutants E52C to G96C. An EC,, concentration of ATP was applied to oocytes expressing P2X1 WT and P2X1
receptor mutants E52C to G96C. Antagonists were applied to the P2X1 receptor using concentrations that inhibited the WT response by ~50%, suramin (3 um)
and PPADS (1 um). A, representative recordings of YO0C (i), a P2X1 mutant with increased suramin sensitivity, and 162C, a P2X1 mutant with increased PPADS
sensitivity (ii). Traces show the response in the presence of ATP only (open circle) and in the presence of ATP and the antagonist (closed circle). ATP was applied
for 3 s (black bar), and the antagonists were bath-perfused 5 min before recording. B, Schild plot analysis of suramin antagonism at the WT P2X1 receptor and
the mutant Y90C. C, percentage inhibition of ECy, concentration of ATP in the presence of the antagonists suramin (3 uMm) (i) and PPADS (1 um) (i) on P2X1
receptor mutants E52C to G96C (n = 3-4).*, p < 0.05; **, p < 0.01. Error bars, S.E. Conserved residues are highlighted in black.

had no effect. However, responses were significantly inhibited
at 162C, S63C, K68C, K70C, L72C, P82C, D86C, V87C, P93C,
and G96C mutants (Fig. 5). Mutants that were reduced by
MTSES were investigated further to determine whether ATP
sensitivity and responses to a maximal concentration of ATP
were also affected. For the mutants 162C, S63C, L72C, P82C,
and D86C, MTSES reduced the response to a maximal concen-
tration of ATP but had no effect on agonist potency (supple-
mental Table ii), suggesting an effect on the conformational
change associated with channel opening subsequent to agonist
binding. In addition to a reduction in the amplitude of currents
to a maximal concentration of ATP, MTSES also reduced ATP
potency for the K70C mutant by ~14-fold and by ~3-4-fold
for V87C, P93C, and G96C (Fig. 6 and supplemental Table ii).
For K68C, responses even to a maximal concentration of ATP
(10 mm) were abolished by MTSES.

We also tested the effects of positively charged MTSET
(larger than MTSES). MTSET had a small effect on the
response to an EC;, concentration of ATP, increasing it by 10 =
8% at W'T P2X1 receptors, consistent with previous findings (6,
9). For the majority of mutants (40 of 45), there was no signifi-
cant change in the response to MTSET compared with the wild
type (Fig. 5). At mutant S66C, responses were no different from
WT with MTSET; this contrasts with studies on the P2X2
receptor, where ATP responses at the equivalent mutant (167C)
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were reduced (18), and mapping this residue onto the homol-
ogy model showed that it is deeper in the structure at the inter-
face of adjacent subunits and is unlikely to contribute directly to
the ligand binding pocket. The effects of MTS reagents at the
P2X2 receptor may therefore result from effects on channel
conformational changes or interaction with residues that are
variant between the P2X1 and P2X2 receptors (there is a two-
amino acid insertion of KY in the P2X2 receptor with the loop
around residues 282285 that is close to the residue Ser®®). The
response to ATP was potentiated for mutants G60C and V91C
even to a maximal concentration of ATP (by 58 and 25%,
respectively; Figs. 5 and 6 and supplemental Table iii). The
potency of ATP was also increased ~6-fold following MTSET
treatment for the G60C mutant (but not for V91C) (Fig. 6A and
supplemental Table iii). For mutants S64C and K70C, MTSET
had no effect on ATP potency but reduced the amplitude of
responses even to a maximal concentration of ATP by
~55% (Fig. 6 and supplemental Table iii). MTSET abolished
responses to the maximal concentration of ATP tested (10 mm)
for the K68C mutant (Fig. 6C). This is consistent with previous
mutagenesis studies showing that the mutation to replace Lys®®
with the larger positively charged Arg abolished ATP-evoked
responses (10). We previously showed that ATP potency is
reduced for the mutants K309C at the P2X1 receptor and K68C
and K70C for the P2X4 receptor, and this can be rescued by the
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FIGURE 5. Effect of MTS reagents at P2X1 receptor mutants E52C to G96C. A, effect of MTSES (i) and MTSET (ii) on an ECs, concentration of ATP at the P2X1
receptor mutants E52C to G96C. The black lines represent the control response, and the gray lines represent the response in the presence of the MTS reagents
(1 mm). B, the response of mutants E52C to G96C to an ECs, concentration of ATP in the presence of MTSES (i) and MTSET (ii). ¥, p < 0.05; **, p < 0.01; ***, p <

0.001. Error bars, S.E. Conserved residues are highlighted in black.

use of the smaller positively charged MTSEA (9, 15). At the
mutant P2X1 receptors, MTSEA potentiated ATP-evoked
responses, and this was associated with an increase in ATP sen-
sitivity (EC, = 1 mm compared with control EC,, = 3 mum for
K68C and ~3 um compared with 10 um for K70C; Fig. 6, C and
D). This suggests that it is not just the positive charge but also
the size of the side group that is important for determining ATP
potency at Lys®® and Lys”°.

The data from the current and previous studies (6, 9) have
been mapped onto the homology model for the P2X1 receptor
(Fig. 7). This shows that the mutants where MTS reagents had
an effect are predominantly located in two clusters (i) around
the ATP binding pocket (effects on ATP potency and/or cur-
rent amplitude) and (ii) on the strands connecting the binding
pocket to transmembrane segments (effects on amplitude with
no change in potency with the exception of G60C with
increased potency). The strands contribute to the vestibule that
passes through the center of the receptor (divided into upper,
central, and extracellular vestibules). This raised the possibility
that the vestibules contribute to the ionic permeation pathway.
Cysteine mutants around the apex of the receptor and lining the
upper vestibule were unaffected by MTS reagents, suggesting
thations do not flow through the upper vestibule en route to the
ionic pore. Several cysteine mutants lining the central vestibule
were modified by MTS reagents (Fig. 7). Of particular interest is
a ring of three cysteine mutants (G60C, F195C, and K322C)
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that are sensitive to MTS reagents that are at the interface of the
extracellular and central vestibules. Of these, G60C is at the
narrowest part of the constriction between the central and
extracellular vestibule (Fig. 7C). The positively charged MTSET
potentiated currents at this mutant and increased sensitivity to
ATP, suggesting that this region may play an important role in
transmitting conformational changes in the receptor from the
ATP binding site to the channel pore.

DISCUSSION

The x-ray structure of the zebrafish P2X4 receptor has pro-
vided a major advance in our understanding of P2X receptors. It
has also raised a number of questions regarding the extent of
the ATP binding pocket and how agonist binding is translated
into channel activation/gating. In this study, cysteine scanning
mutagenesis has provided a systematic analysis of the contribu-
tion of the region Glu>®>~Gly®® to P2X1 receptor properties.
This segment of the receptor can be divided into discrete parts
that contribute to ATP binding, partial agonist effects, and
channel gating that are flanked by regions corresponding to the
bottom and top of the extracellular domain. These findings, as
well as previous cysteine-scanning mutagenesis data, have been
interpreted with the aid of a homology model of the hP2X1
receptor constructed from the crystal structure of the zebrafish
P2X4 receptor. This has given a new insight into agonist bind-
ing and channel gating at the P2X1 receptor.
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FIGURE 6. Effect of MTS reagents on the ATP potency of P2X1 receptor
mutants. A, concentration-response curves of the P2X1 receptor mutant
G60C with and without 1 mm MTSET. B, concentration-response curves of the
P2X1 receptor mutant V87C with and without 1 mm MTSES. C, concentration-
response curves of the P2X1 receptor mutants K68C (i) and K70C (ii) with and
withouta 1 mm concentration of the charged MTS reagents. All mutants were
incubated in the presence of the MTS reagents for 3 h. Error bars, S.E.

In this study, only 3 (K68C, K70C, and F92C) of 45 cysteine
mutants had an effect on ATP potency. In total, we have now
characterized more than 160 alanine or cysteine mutants
(including over 95% of those conserved in mammalian recep-
tors) in the extracellular region of the hP2X1 receptor. Of these,
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only mutation at eight residues resulted in a greater than
10-fold decrease in ATP potency, and these form a cluster at the
interface between two adjacent P2X receptor subunits (28). We
used molecular docking to generate a model of how ATP could
bind within this region (Fig. 2). This predicts that the phosphate
tail is coordinated by conserved positively charged residues at
the receptor surface with the adenine ring buried in the binding
pocket. In the present study, K68C and K70C mutants reduced
agonist binding, and studies with the MTS reagents demon-
strated the importance of positive charge at these residues for
ATP action. These results taken together with other mutagen-
esis studies on P2X1 to -4 receptors (10, 18, 21, 29) support the
role of positively charged amino acids Lys®®, Lys”®, Arg®®?, and
Lys3°® (P2X1 receptor numbering) in coordinating the binding
of the negatively charged phosphates of ATP. The model and
orientation of the phosphate tail facing outside the pocket are
consistent with the activation of P2X receptors with analogues
bearing modifications of the phosphate tail (30) and ADP-ribo-
sylation of the P2X7 receptor (31). Two lines of evidence sup-
port the binding of the ribose group within the groove formed
between adjacent subunits. First, the reduction in ATP
potency and agonist binding for the F92C mutant is consistent
with the docking simulations of binding the ribose group. Sec-
ond, the action of BZATP as a partial agonist demonstrates that
the binding site can incorporate a benzoyl modification of the
ribose ring. It is interesting that mutation of the majority (three
of four) of residues (V67C in this study and F100A, F289A, and
F289C in Ref. 20) predicted to be involved in binding of the
adenine ring had no effect on ATP potency, with the greatest
effect of mutation seen at Phe®**" (P2X1 receptor numbering
(20)). However, the effects of mutation at Phe**" are dependent
on the receptor subtype, with an >40-fold decrease for P2X1;
however, only a modest 4-fold decrease was seen at similar
mutants at P2X2, -3, and -4 receptors (15, 21). This may be
explained by localized differences in the structure or orienta-
tion of the Phe residue. This is consistent with differences in the
ability to form a disulfide bond between cysteine-substituted
Lys®® and Phe**' receptors (P2X1 receptor numbering)
between P2X1 and P2X2 to -4 receptors (32, 33). These results
also suggest that no individual residue plays a major role in the
binding of the adenine ring, and coordination by several of the
residues may be required.

The current study has probed the extent of the binding
pocket and demonstrates the importance of the residues that
form the back of the ATP binding pocket in regulating receptor
properties, as shown by sensitivity to partial agonists, the antag-
onist suramin, and modification by MTS reagents. The major-
ity (seven of eight) of mutants that showed reduced BzATP
efficacy with no change in ATP potency were mapped to the
rear/inner cavity of the predicted ATP binding pocket. In addi-
tion to these, six of eight residues with a decrease in efficacy to
BzATP also showed a reduction in peak response to MTS
reagents or a modest increase in suramin sensitivity (supple-
mental Table i). These results show that mutants not directly
predicted to interact with ATP but around the binding pocket
can have subtle effects on properties. At the two other families
of ligand-gated ion channels (Cys-loop and glutamate), partial
agonists have reduced efficacy due to different conformational
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FIGURE 7. Internal vestibules and mapping of MTS reagent data onto the P2X1 receptor homology model. A and B, overview of the P2X1 model in a
schematic representation (A) and mesh representation (B). The space of the internal vestibules is shown in a green surface representation; black, red, and blue bars
indicate the upper vestibule (u), central vestibule (c), and extracellular vestibule (e), respectively. C and D, mapping the effects of MTS reagents on cysteine
mutants onto the P2X1 receptor model. All residues tested are shown as spheres and are colored according to the effect of the MTS reagents. Black, residues
where MTS reagents had no effect on current amplitude; blue, residues where the amplitude of responses but not sensitivity to ATP was affected; red, residues
where cysteine mutants reduced ATP potency and MTS reagents modified the current amplitude and had a further effect on potency; yellow, residues where
cysteine mutation had no effect on ATP potency but MTS reagents modified the amplitude of responses and ATP sensitivity. The vestibules are shown in mesh
representation. Residues that were modified by MTS reagents with no effect on ATP potency (blue and yellow) are found predominantly around the central
vestibule. E and F, MTS data from C and D viewed from the top. In F, residues capping the upper vestibule have been removed to better illustrate the residues
aligning the upper vestibule. G, zoom into the narrow region between the central and extracellular vestibule. MTS-sensitive residues between the two
vestibules are shown as spheres for G60C (yellow, cysteine-substituted residue shown), Phe195 (blue), and the adjacent positively charged Lys322 (magenta).

H, cross-section looking “up” through the receptor from a slice as indicated in the boxes in D and G. Residues are shown as in G.

changes associated with ligand binding before the channel gat-
ing step (34, 35). If the same is true at P2X receptors, this further
indicates that this region contributes to the agonist binding
pocket/conformational changes associated with agonist bind-
ing. The increased efficacy of the partial agonists at cysteine-
substituted residues Leu”” and Ala”? suggests that these muta-
tions facilitate the conformational changes induced in response
to partial agonists prior to channel gating.

The proposed ATP binding pocket is ~40 A distant from the
membrane-spanning segments, raising questions of how the
binding step is translated into gating of the channel pore. None
of the cysteine residues in the connecting region to TM1 had an
effect on ATP potency. However, modification by MTS
reagents of four of five of the cysteine mutants in the run Gly*°—
Ser®® indicates that this region, 10-25 A from the proposed
ATP binding site, contributes to signal transduction/channel
properties/regulation of P2X1 receptor currents. These
mutants are localized to the central vestibules of the receptor
(Fig. 7) (7). Of particular interest is the residue Gly®®, which
lines the base of the central vestibule. Modification of the G60C
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mutant with positively charged MTSET produced an ~60%
increase in maximal current and an ~6-fold increase in ATP
sensitivity. Interestingly, Gly®® is adjacent to Lys®**?* from
another subunit and suggests that modification of G60C with
MTSET leads to mutual repulsion between G60C-MTSET and
Lys®*?2, This could lead to a change in channel gating and
account for the increase in agonist potency and peak current
amplitude. In addition, other residues that form a ring around
the interface between the central and extracellular vestibule
(F195C, R197C, G321C, and A323C) also were sensitive to
modification by MTS reagents (6, 9). These results highlight the
importance of the interface between the central and extracellu-
lar vestibules in regulating P2X receptor properties. One possi-
bility is that dilation of the ring at the interface between the
central and extracellular vestibules transduces ligand binding
to the movement of TM2 and opening of the channel pore.
The present study also addresses the likely contributions of
the upper and central extracellular vestibules to the ionic per-
meation pathway. The zebrafish P2X4 receptor structure indi-
cates that the region linking the upper and central vestibules is
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too narrow for hydrated ions to pass (7). However, the structure
is in a closed state in the absence of ATP, and it is possible that
agonist binding leads to a conformational change that could
allow ionic permeation from the upper to the central vestibule
(7) and then on through the extracellular vestibule to the trans-
membrane domains and the channel pore. The lack of effects of
MTS reagents on ATP evoked responses at cysteine mutants
encircling the entrance to and lining the upper vestibule (Fig. 7)
demonstrates that the upper vestibule of the receptor does not
contribute to the pathway for ionic permeation to the channel
pore or provide a conduit for access to the central vestibule.
Cysteine mutants in the central vestibule, however, were acces-
sible (shown by MTS reagent sensitivity). Access to the central
vestibule seems most likely via the extracellular vestibule. The
central vestibule is therefore unlikely to make a major contri-
bution to channeling ions to the pore of the receptor due to its
apparent cul-de-sac nature, and this interpretation is consis-
tent with a recent report on P2X2 receptors (36). The extracel-
lular vestibule adjacent to the transmembrane domains is
therefore most likely to provide the route of access of ions to the
channel pore.

In summary, this study has expanded our understanding of
the contribution of the extracellular domain to P2X1 receptor
properties. It has provided a model of how agonists bind to the
receptor and identified residues lining the base of the central
vestibule that contribute to channel gating.
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Note Added in Proof—A recent publication (37) also suggests that the
adenine ring faces into the ligand binding pocket.
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