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P2X receptors are trimeric ATP-gated ion channels that activate diverse sig-
naling cascades. Due to its role in apoptotic pathways, selective activation of
P2X; is a potential experimental tool and therapeutic approach in cancer
biology. However, mechanisms of high-affinity P2X; activation have not been
defined. We report high-resolution cryo-EM structures of wild-type rat P2X;
bound to the high-affinity agonist BZATP as well as significantly improved apo
receptor structures in the presence and absence of sodium. Apo structures
define molecular details of pore architecture and reveal how a partially
hydrated Na* ion interacts with the conductance pathway in the closed state.
Structural, electrophysiological, and direct binding data of BzZATP reveal that
three residues just outside the orthosteric ATP-binding site are responsible for
its high-affinity agonism. This work provides insights into high-affinity agon-

ism for any P2X receptor and lays the groundwork for development of
subtype-specific agonists applicable to cancer therapeutics.

ATP, the primary source of energy within cells, has a well-established
and central role as an intracellular metabolite'. However, ATP is also
important in the extracellular environment as a signaling molecule®”.
Extracellular ATP (eATP) is recognized by two purinergic receptor
families: ligand-gated P2X receptor (P2XR) ion channels and G-protein
coupled P2Y receptors®’. The seven P2XR subtypes, denoted P2X;-
P2X5, are non-selective cation channels that are expressed throughout
the body and assemble as functional homotrimeric and heterotrimeric
receptors®®'°’2, Each P2XR subtype is activated by distinct con-
centrations of eATP and then desensitizes with unique kinetics deter-
mined by the underlying receptor subunit composition®>"°. The
functional diversity of P2XRs directly contributes to their roles in
numerous physiological and pathophysiological processes from
synaptic transmission to asthma and atherosclerosis to cancer®'>>°-%¢,
As such, P2XRs are promising clinical targets for diseases of the
immune, cardiovascular, and central nervous systems?’>22%,

The orthosteric ATP-binding site is a conserved feature across all
P2XRs, yet there is significant pharmacological diversity for agonists
within this receptor family®?1%3031 Subtype-specific P2XR activation

is governed by differences in tissue-dependent expression and by a
variance in half maximal response (apparent affinity, ECso) to eATP
between subtypes®>'>'°*2, For example, while P2X; and P2X; are acti-
vated by nanomolar concentrations of eATP, P2X,, P2X4, P2Xs, and
P2X are activated by low micromolar levels of eATP, and P2X; is only
activated by mid-micromolar to low-millimolar levels of eATP®. Fur-
ther evidence for pharmacological diversity lies in how specific P2XR
subtypes interact with well-established synthetic nucleotide-analog
agonists such as 2-MeS-ATP, o,3-MeATP, B,x-MeATP, and BzATP
(Supplementary Fig. 1)%53_For example, BzZATP is reported to be a
high-affinity agonist across all P2XRs, while a,3-MeATP is selective
towards P2X; and P2X;”"". The mechanisms underlying agonist
selectivity and high-affinity agonism for P2XRs are not defined.

Once termed the P2Z receptor due to its markedly distinct
properties relative to other P2X family members, P2X; is the most
structurally and functionally divergent P2XR®**°**. In addition to
requiring the highest concentrations of eATP for activation, P2Xy is the
only subtype that does not desensitize in the prolonged presence of
agonist'>*. These features facilitate numerous P2X,-mediated cellular
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responses such as signaling the formation of the NLRP3 inflammasome
and triggering apoptosis®***’. The P2X,-mediated activation of these
processes has therapeutic potential within the field of cancer
biology®**°. For example, in melanoma/colon cancer, acute myeloid
leukemia, and breast cancer, P2X; activation promotes tumor cell
death, leads to apoptosis of cancerous cells, or decreases cancerous
cell migration, respectively®**°. As such, P2X;-selective high-affinity
agonists are important experimental tools and a potential therapeutic
approach that warrant investigation to further advance the field of
cancer biology.

The orthosteric ATP-binding site of P2X; has been described by
several groups, each using a different P2X; ortholog with varying
amounts of protein engineering required to facilitate analysis®**2, A
crystal structure of both ATP and the allosteric antagonist A804598
simultaneously bound to panda P2X; (pdP2X5) initially defined the
orthosteric ATP-binding pocket of pdP2X;, albeit in a functionally
complicated state with a significantly truncated construct used for
crystallization®. As a result, the construct does not possess wild-type
ion channel function, contains noticeably short transmembrane heli-
ces, and prevents visualization of the receptor’s entire cytoplasmic
domain®. Similarly, a crystal structure of chicken P2X; bound to low-
affinity orthosteric antagonist TNP-ATP was solved using a truncated
construct but provided insights into orthosteric antagonism (Supple-
mentary Fig. 1)*2. Using the same aforementioned pdP2X; construct,
recent single-particle cryogenic electron microscopy (cryo-EM) struc-
tures of PPNDS and PPADS bound to pdP2X; provide additional
insights into orthosteric antagonism (Supplementary Fig. 1)**. In con-
trast to truncated constructs, the cryo-EM structure of full-length wild-
type rat P2X; (rP2X;) bound to ATP resulted in a true open state model
of the entire receptor, clearly illustrating the receptor gating cycle, the

orthosteric ligand-binding site, as well as visualizing the cytoplasmic
domains referred to as the C-cys anchor and the cytoplasmic ballast®.
In each of these previous studies, agonist-bound structures have been
limited to ATP only, and so we have yet to fully understand how high-
affinity agonists modulate P2X; activity at a molecular level.

Seeking enhanced molecular details of full-length wild-type P2X;
receptor-ligand interactions, we use cryo-EM to further reveal the
molecular pharmacology of the apo receptor and define high-affinity
agonism for rP2X;. Our updated, significantly higher resolution, apo
closed state structures of rP2X,, both at 2.5A, provide important
insights into unoccupied ligand-binding pockets, detailed architecture
of the closed pore, and non-proteinaceous features such as bound ions
and water molecules. A structure of the high-affinity P2XR agonist
BzATP bound to rP2X; at 2.8 A reveals key interactions and structural
movements that explain the increased affinity and interesting phar-
macologic properties of this ligand. These data provide vital molecular
details that will empower structure-based drug design of innovative
P2X;-modulating ligands.

Results

Architecture of the conductance pathway in the apo closed state
of P2X5

To elucidate the molecular mechanisms of small-molecule ligand
modulation of P2X; activity cryo-EM was used to obtain structural
information on the full-length wild-type rP2X; receptor in apo and
high-affinity agonist-bound states (Supplementary Fig. 2, 3, Supple-
mentary Table 1). As expected, the overall architecture common to
P2XRs is maintained in rP2X; each protomer of the receptor resem-
bles a breaching dolphin with structural domains named accordingly
(Fig. 1A)*. Improving the resolution of the previously published apo

\
ballast ‘l Apo NaCl

Fig. 1| Global architecture and Na® ion coordination in the apo closed state
pore of rP2X. A Ribbon representation of the updated apo closed state structure
of rP2X; at 2.5 A, with one protomer colored by domain name, the second colored
in pale green, and the third colored in gray. B View of the Na* ion (purple sphere)
found directly above the pore’s constriction site (created by TM2 from each pro-
tomer) in the apo closed state with its electron density map shown in blue mesh.
The Na* ion is partially hydrated, coordinated in octahedral geometry by three
symmetry-related water molecules (red spheres) and the sidechain hydroxyl of
$342 from each protomer (-2.3 A for all interactions). Directly below the gate and
within the pore, three additional symmetry-related water molecules are poised to
re-hydrate the ion once the channel opens (3 A hydrogen bond distance to the
sidechain hydroxyl of $342). C The same view as in panel (B) of apo rP2X; purified in
the absence of sodium, highlighting the lack of density for an ion above the gate.

This result confirms the identity of the density shown in panel (B) as a partially
hydrated Na* ion. D Zoomed out view of panel (B) highlighting the topology of the
TM2 helix, stabilized by interactions with three different sets of symmetry-related
ordered water molecules, one set within the pore and above the gate and the other
two sets below the gate and within the transmembrane domain. TM2 starts as a
standard alpha helix (green ribbon), then transitions to a short 3,o-helix (cyan
ribbon, residues 340-344) just above the constriction gate and shortly after,
transitions back to a standard alpha helix (green ribbon) just below the constriction
gate. Transitions to and from the 3,0-helix are mediated by ordered water mole-
cules within the transmembrane domain that induce kinks in the helical backbone
of TM2. Interactions with the protein are in gold dashed lines and interactions for
Na* coordination are in black dashed lines. All sidechains in TM2 are hidden except
for the sidechains of S339 and S342.
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Fig. 2 | Activation and binding kinetics of ATP and BzATP to rP2X;. A TEVC
recording of rP2X; in response to 100 uM ATP, highlighting fast activation after
repeated exposure to ATP, no significant desensitization, and brisk deactivation. The
reported deactivation lifetime (t), shown in reddish-orange, is the time it takes for
current to return to 63% of baseline after removal of ATP. B Dose response curves
from TEVC experiments measured the activation of full-length wild-type rP2X; by
ATP (orange) and BzATP (blue), resulting in ECs, values of 34 + 9 uM and

1.2+ 0.2 uM, respectively. Data points and error bars represent the mean and stan-
dard deviation of normalized current across triplicate experiments, respectively.

C, D Representative BLI sensorgrams for a dilution series of ATP (C, shades of
orange) and BzATP (D, shades of blue) binding to biotinylated rP2X; immobilized on
streptavidin (SA) biosensors. Kinetic data were globally fit using a Langmuir 1:1
model to determine the equilibrium dissociation constant (Kp) of ATP to rP2X; as
Kp =540 + 230 nM (C) and the equilibrium dissociation constant of BzATP to rP2X;
as Kp=7.4+£2.7nM (D), representing the mean and standard deviation across tri-
plicate experiments, respectively. For kinetic analysis, a 90 s association time and a
200 s dissociation time were used for both analytes. However, to optimize visuali-
zation, only 120 s of the dissociation time is shown in the figure.

closed state structure of rP2X, from 2.9 A to 2.5A uncovered details
that significantly improve the apo closed state model for this P2XR
subtype (Supplementary Fig. 2, 3, Supplementary Table 1)*. For
example, numerous water molecules absent in the original published
model are easily placed into density throughout the receptor, espe-
cially in the unoccupied allosteric and orthosteric ligand-binding sites.
In addition to improvements that yield a better starting point for
structure-based drug design, the higher resolution apo closed state
data for the rP2X; receptor also provides insights into the conductance
pathway and a much clearer snapshot of the unique architecture of the
closed pore***®,

In our updated high-resolution structure for the apo closed state
conformation of rP2X; in the presence of sodium, an ion can be
observed in the center of the pore, poised directly above the closed
constriction site (gate) formed by the second transmembrane helix
(TM2) from each protomer (Fig. 1B). The ion is coordinated in near-
perfect octahedral geometry by three symmetry-related ordered water
molecules and the sidechain hydroxyl of S342 from each protomer,
suggesting the presence of a partially hydrated Na* ion (Fig. 1B)*’. lon
coordination was used to confirm the identity of Na" with the Check-
MyMetal validation server*:. To further confirm its identity as a Na* ion,
asecond cryo-EM structure of rP2X; in the apo closed state, purified in
the absence of sodium, was obtained at 2.5 A (Fig. 1C, Supplementary
Fig. 2,3, Supplementary Table 1). The map refined from this data shows
no significant density at this position indicating the absence of the
previously observed ion (Fig. 1C). Of note, the ordered water molecules
that interact with the Na® ion remain in the absence of sodium
(Fig. 1B, C). Additionally, in both high-resolution apo closed state rP2X,
structures (in the presence and absence of sodium), symmetry-related
water molecules located within the pore and just 3 A below the gate,
interact with the sidechain hydroxyl of S342 from the corresponding
protomer (Fig. 1B, C).

In addition to features such as a partially hydrated Na* ion, the
architecture of the apo closed state pore, formed by TM2 from each
protomer, can be updated to explain its unique helical structure.
The set of symmetry-related ordered water molecules that are
located within the pore and above the receptor gate (discussed
above), coordinate the Na* ion and interact with the backbone car-
bonyl of G338 and the backbone nitrogen of S342 (Fig. 1D, Supple-
mentary Fig. 4A). These water/protein interactions interrupt
standard alpha helical hydrogen bonding patterns and induce a
short 3;0-helix in TM2 (residues 340-344) (Fig. 1D, Supplementary
Fig. 4A). Shortly after its initiation, the 3,o-helix in TM2 transitions
back to a standard alpha helix, facilitated by two additional sets of
symmetry-related ordered water molecules, both of which are
located below the gate and within the transmembrane domain
(Fig. 1D, Supplementary Fig. 4B). The first set of these waters par-
tially replaces the hydrogen bonding expected to be present in a
standard alpha helix, interacting with the amide nitrogen of A347 as
well as a sidechain nitrogen of H34 from the first transmembrane
helix (TM1) (Supplementary Fig. 4B). This set of waters does not
coordinate to the backbone carbonyls of either Y343 (due to an
inappropriate hydrogen bonding distance) or F344 (due to an
inappropriate hydrogen bonding angle) (Supplementary Fig. 4B).
The second set of these waters interacts with the carbonyl of F344
and the amide nitrogen of T348, replacing the hydrogen bonding
expected for a standard alpha helix (Supplementary Fig. 4B). Tran-
sitions to and from the 3,¢-helix, facilitated by the three aforemen-
tioned sets of ordered water molecules, one set within the pore and
above the gate and the other two sets below the gate and within the
transmembrane domain, induce corresponding kinks in the helical
backbone of TM2 (Fig. 1D, Supplementary Fig. 4). The short 3;o-helix
is present in models obtained both in the presence and absence of
sodium and likely plays a key role to correctly position S342 from
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Fig. 3 | Structural comparison of rP2X; bound to BzATP vs ATP. A Ribbon
representation of the BZATP-bound open state structure of rP2X; solved to 2.8 A
colored by protomer (blue, light-blue, and gray) highlighting the orthosteric ligand-
binding site (red box). B-E Magnified view of the red box from (A) at different
scales. The ATP-bound rP2X; structure (PDB code: 6U9W) and the BzATP-bound
rP2X; structure were aligned in ChimeraX’®. B Comparison of positions and rota-
mers of residues in the orthosteric ligand-binding site (ligands hidden), which are
conserved across all P2XRs, that directly interact with ATP for the ATP-bound rP2X;
structure (orange and light gray) and the BZATP-bound rP2X; structure (blue and
gray). In the register of rP2X5, the conserved orthosteric residues that interact with
ATP across all P2XRs are K64, K66, T189, K193, N292, R294, K311. C Comparison of
ATP-bound (orange) and BzATP-bound (blue) structures, focusing on the residues
just outside the canonical orthosteric ligand-binding site that make direct inter-
actions with BzATP. With the ATP molecule hidden but the BzZATP molecule shown,

the panel highlights the 5 A movement and 90° rotation of a loop in the head
domain (residues 123-128) containing residue R125 that occurs when BzATP is
bound. In the ATP-bound model, R125 is stubbed at the Cp carbon. First com-
parative view (D, E) and second comparative view (F, G), rotated 90 degrees from
(C-E), of the rP2X; orthosteric ligand-binding site with ATP bound (orange and
light gray) vs. BZATP bound (blue and gray). D View of the orthosteric ligand-
binding site of ATP-bound rP2X; highlighting the rotamer of 1214 and the position
of R125, which lacks interactions with ATP. E View of the orthosteric ligand-binding
site of BZATP-bound rP2X; highlighting the rotamer of 1214 and the position of
R125, which is now well-defined. F View of the orthosteric ligand-binding site of
ATP-bound rP2X; highlighting the rotamer of Q143, facing away from ATP, unable
to make direct interactions to ATP. G View of the orthosteric ligand-binding site of
BzATP-bound rP2X; highlighting the position and rotamer of Q143, now partici-
pating in several hydrogen bonding interactions with BzZATP and residue R125.

each protomer to form the gate in the apo closed state conformation
(Fig. 1B-D). Altogether, the interplay between TM2 of P2X;, ordered
water molecules both above and below the gate, and a partially
hydrated Na* ion reveal unique properties of the apo closed
state pore.

Measurements of activation and binding of ATP and BzATP

to P2X,

P2X; has distinct electrophysiological properties compared to other
P2XRs. In the presence of sufficient levels of eATP, P2X; remains open
and does not undergo desensitization (Fig. 2A)*. Upon removal of
eATP, rP2X; undergoes brisk deactivation, returning to an apo closed
state at a rate which can be quantified by the deactivation lifetime (1),
the time it takes for the current to return to 63% of baseline (Fig. 2A).
Using two-electrode voltage clamp (TEVC), the ECsq of ATP and BzATP
for wild-type rP2X; are measured to be 34 +9 uM and 1.2+ 0.2 uM,
respectively, consistent with previously published values (Fig. 2B)"**.
By TEVC, BzATP has ~28-fold higher apparent affinity than ATP.

To date, no direct measurements of ligand binding to P2X; have
been reported. To address this issue, the kinetics and equilibrium
binding affinity of ATP and BzATP to rP2X; were measured by bio-layer
interferometry (BLI) (Fig. 2C, D)*. The rate constant for association
(k,) of ATP to rP2X; is 9.4 +2.4 x10* M's™ and its rate constant for

dissociation (kq) is 5.1 +2.5x1072s™, resulting in binding to the receptor
with an affinity (Kp = 540 + 230 nM) approximately 190-fold lower than
that of human P2X; (Kp =2.8 + 0.1nM) and 46-fold lower than that of
zebra fish P2X, (Kp =11.6 + 1.7 nM) (Fig. 2C)*>"". The rate of association
for ATP is consistent with previously generated values from electro-
physiological models®™. BzATP is known to be a more potent P2X,
agonist than ATP, and correspondingly we show it associates more
rapidly (k, of 3.7+1.0 x10° M's™) with the receptor and dissociates
more slowly (kq of 2.6 1.0 x107 s™) from the receptor, resulting in a
~70-fold higher binding affinity (Kp = 7.4 + 2.7 nM) (Fig. 2D)>>.

Structural differences between agonists ATP and BzZATP bound
to P2X-,

We used cryo-EM analysis and electrophysiology assays to explain the
high-affinity agonism by BzATP for rP2X;. The cryo-EM structure of
BzATP bound to rP2X, was resolved to 2.8 A and compared to the
previously solved ATP-bound structure at 3.3 A (Fig. 3, Supplementary
Fig. 1, 2, 3, 5, 6, Supplementary Table 1) (PBD code: 6U9W)*. As
expected, the BzZATP-bound structure represents an open state con-
formation (backbone RMSD of ~1.2 A relative to the ATP-bound struc-
ture). The architecture of the open pore in both agonist-bound
structures is quite similar (Supplementary Fig. 5). Within the orthos-
teric ligand-binding site, the positions and rotamers of each amino acid
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Fig. 4 | Apparent affinities (ECso) of rP2X; activation by ATP and BzATP. A Dose-
response curves (ECso) for wild-type rP2X; activated by ATP and BzATP as well as
the three single mutant receptors (R125A, Q143A, and 1214A) activated by BzATP.
These traces highlight the impact of specific residues just outside the canonical
orthosteric ligand-binding site on the apparent affinity of the receptor for BzATP.
No single residue mutation is able to fully abrogate the higher apparent affinity of
BzATP relative to ATP. B Dose-response curves (ECsp) for the three double mutant
receptors (R125A/Q143A, R125A/1214A, and Q143A/1214A) activated by ATP and
BzATP. While each of the double mutant receptors demonstrated a decreased
apparent affinity for ATP relative to wild-type rP2X; receptor (Table 1), in each case,
the corresponding apparent affinity for BZATP always remained significantly
higher. C Dose-response curves (ECso) for wild-type and triple mutant (R125A/
Q143A/1214A) rP2X; activated by ATP and BzATP highlighting that mutation of all
three residues just outside the canonical orthosteric ligand-binding site completely
eliminates the high-affinity agonism of BzATP relative to ATP. Note that while the
wild-type receptor has a ~28-fold higher apparent affinity for BZATP than ATP, the
apparent affinity of the triple mutant receptor (R125A/Q143A/1214A) is essentially
identical for ATP and BzATP. The apparent affinity (ECsc) values for all wild-type
and mutant receptors are included in Table 1. Data points and error bars represent
the mean and standard deviation of normalized current across triplicate experi-
ments, respectively.

that directly interacts with ATP are conserved and make the same
direct interactions to the adenosine triphosphate core of BzATP
(Fig. 3B)*. However, three key structural changes in the receptor,
found just outside the canonical orthosteric ligand-binding site, are
evident when BzATP is bound to rP2X; when compared to ATP bound
to rP2X,.

The largest structural difference is found in a loop (residues
123-128) in the head domain of rP2X, (Figs. 1A, 3C-G). In the
ATP-bound structure, the protein backbone of this loop is well-
ordered as it runs parallel to the membrane. However, residue R125 of
this loop faces solvent surrounding the orthosteric ligand-binding site,
lacking interactions with other residues or with ATP. As a result, the
flexible R125 sidechain is without density in the map and is stubbed at
the CB carbon in the ATP-bound model (Fig. 3C, D, F)*. In contrast,
with BZATP bound, direct interactions between R125 and BzATP result
in a dramatic rearrangement of this loop with the sidechain of R125
rotated nearly 90° relative to the Ca-CB bond in the ATP-bound
structure (Fig. 3C, E, G)*. This rotation displaces the Cp of RI25 by -5 A,
shifting it towards the orthosteric ligand-binding site and causing the
sidechain of R125 to run anti-parallel to the carboxybenzophenone
moiety of BzATP, creating several new contacts with the ligand
(Fig. 3C, E, G, Supplementary Fig. 1, 6). The location of R125 in the apo
closed state is further distinct from its position in either of the two
agonist-bound structures (Supplementary Fig. 7). Compared to the
apo state structure, the Cp of R125 moves 5.7 A closer to the orthos-
teric pocket in the ATP-bound structure and 7.8 A closer in the BzATP-
bound structure (Supplementary Fig. 7C, D).

The second significant change involves residue Q143 adopting a
different conformation between the two ligand-bound structures
(Fig. 3C-G). When ATP is bound, the sidechain amide of Q143 points
away from the ligand and is too far away to form hydrogen bonding
interactions (Fig. 3C, D, F)**. When BzATP is bound, however, the steric
bulk of the carboxybenzophenone moiety of BzATP forces Q143 to
adopt a different conformation such that the sidechain amide points
directly at the ribose in BzATP, creating new hydrogen bonding
interactions with the ribose as well as the guanidino group of R125
(Fig. 3C, E, G, Supplementary Fig. 6).

The final notable difference between the ATP-bound and BzATP-
bound structures involves residue 1214, which changes both its posi-
tion and rotameric conformation relative to the bound ligand
(Fig. 3C-G, Supplementary Fig. 6). When ATP is bound in the pocket,
1214 is at least 4.3 A away from the ribose ring of ATP and does not
participate in direct hydrophobic interactions with the ligand (Fig. 3C,
D, F)*. However, when BzATP is bound, 1214 adopts a new rotamer and
shifts closer to the ligand by 1.1A, allowing it to make hydrophobic
interactions with the carboxybenzophenone moiety of BzATP (Fig. 3C,
E, G, Supplementary Fig. 6).

Based on the two agonist-bound structures, three residues (R125,
Q143, and 1214) adopt different positions and introduce new protein-
ligand interactions with BzATP (Fig. 3C-G). We next wanted to use a
combination of site-directed mutagenesis and electrophysiology
experiments to explore whether these interactions can explain the
increased apparent affinity and direct affinity (measured by ECso and
Kp, respectively) and slow rate of dissociation (ky) observed for BZATP
binding to rP2X; relative to ATP binding.

Agonism of wild-type and mutant P2X; by BzZATP

In silico thermodynamic (AAG) calculations in Rosetta support the
importance of residues R125, Q143, and 1214 to the coordination of
BzATP (Supplementary Table 2)**. Systematic alanine mutations were
introduced to evaluate the role that each of these residues plays in the
pharmacology of BzATP high-affinity agonism using TEVC experi-
ments (Figs. 4, 5, 6, Table 1, Supplementary Fig. 8). Both individual and
combinations of mutations were introduced to determine the specific
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Fig. 5 | Deactivation rates of rP2X; following activation by ATP and BzATP.
A-F Representative TEVC traces of wild-type and mutant rP2X; highlighting the
differences in the rates of receptor deactivation, represented by T, following acti-
vation by ATP or BzZATP. A, C, E Representative TEVC traces of wild-type and mutant
(R125A and R125A/1214A) rP2X; highlighting a fast rate of receptor deactivation
following activation by ATP and a slow rate of receptor deactivation following
activation by BzATP. B, D, F Representative TEVC traces of mutant (Q143A, R125A/
Q143A, and R125A/Q143A/1214A) rP2X; highlighting a fast rate of receptor deacti-
vation following activation by both ATP and BzATP. A TEVC traces of wild-type
rP2X; highlighting the different deactivation kinetics following activation by ATP
compared to BzATP. B TEVC traces highlighting the impact of the only single
mutation (Q143A) to affect the rate of receptor deactivation. C TEVC traces
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highlighting that mutation of the residue (R125) with the biggest structural change
upon BzATP binding has little effect on the rate of receptor deactivation. D TEVC
traces highlighting that double mutations which include Q143A display a fast rate of
receptor deactivation following activation by BzATP. E TEVC traces highlighting
that the double mutation (R125A/1214A), which does not include Q143A, retains a
slow rate of receptor deactivation following activation by BzATP. F TEVC traces
highlighting that the triple mutant receptor (R125A/Q143A/1214A) has the same fast
rate of receptor deactivation following activation by ATP and BzATP. The complete
list of deactivation times (t) for all wild-type and mutant constructs are included in
Table 1, with data points and error bars representing the mean and standard
deviation of normalized currents across triplicate experiments, respectively.

and synergistic functional effects of the three residues. The single
R125A mutation, which removes the sidechain that appears, from the
structure, to contribute most significantly to selective BZATP binding
only moderately decreases the apparent affinity (as measured by ECsg)
of BzATP compared to wild-type receptor without significantly
affecting the apparent affinity of ATP (Fig. 4A, Table 1, Supplementary
Fig. 8). The single Q143A mutation reduces the apparent affinity for
both ATP and BzATP (Fig. 4A, Supplementary Fig. 8). The final single
1214A mutation does not significantly affect the apparent affinity for
either ATP or BzATP (Fig. 4A, Table 1, Supplementary Fig. 8). However,
the effects of individual mutations are synergistic since the apparent
affinity for ATP and BzATP of the double mutants (R125A/Q143A,
R125A/1214A, and Q143A/I1214A) and the triple mutant (R125A/Q143A/
1214A) significantly decrease relative to any variant with a single
mutation (Fig. 4A-C, Table 1, Supplementary Fig. 8). Importantly,

mutating all three of the key residues outside the canonical orthosteric
ligand-binding site of rP2X,, that we identify as responsible for the
coordination of BzATP, equalizes the apparent affinities of rP2X; to
BzATP and ATP (Fig. 4C, Table 1). This indicates that the key to dis-
criminating between ATP and BzATP binding resides in the identity of
these three residues. Two other single mutations were performed in
rP2X; to mimic residues in analogous positions from other P2X;
orthologs known to affect the apparent affinity of ATP or BZATP**. A
single K127A mutation was introduced into rP2X; to mimic the residue
present in mouse P2X;. Making this mutation in rP2X; did not appear
to significantly impact the apparent affinity of either ATP or BZATP
(Table 1). This is likely due to the lack of interactions between the loop
containing K127 (as well as R125) in the ATP-bound open state and the
importance of the R125 interactions found in the BzZATP-bound open
state. Next, a single 1214G mutation was introduced into rP2X; to
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Fig. 6 | Efficacy of rP2X; activation by ATP and BzATP. (Left) Normalized current
from TEVC experiments of wild-type rP2X; in response to two concentrations of
ATP and BzATP, highlighting the increased normalized responses from BzATP as
compared to ATP. This is consistent with BZATP acting as a full agonist and ATP as a
partial agonist. (Right) Normalized current from TEVC experiments of triple mutant
(R125A/Q143A/1214A) in response to two concentrations of ATP and BzATP,
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highlighting the virtually identical normalized responses to ATP and BzATP. The
triple mutation renders BzATP and ATP equivalent agonists in terms of efficacy.
Each replicate was normalized to the current from a 100 pM application of ATP so
multiple oocytes could be tested. Data points and error bars represent the mean
and standard deviation of normalized current across triplicate experiments,
respectively.

mimic the residue present in mouse P2X,. This mutation drastically
reduces the apparent affinity for ATP and BzATP, consistent with prior
studies on mouse P2X; (Table 1, Supplementary Fig. 8)°>. This is likely
due to the increased backbone flexibility produced by glycine which
destabilizes the important loop in the dorsal fin that interacts with
these agonists (Figs. 1A, 3C, E, G).

In agreement with previous work, the rate of deactivation of rP2X,
is significantly slower when the receptor is activated by BzZATP com-
pared to ATP (Fig. 5A, Table 1)*. Intriguingly, when measuring the
effect of rP2X; mutations on the apparent affinity of ATP and BzATP, it

Table 1| Quantification of apparent affinity (ECsc) and deac-
tivation kinetics (t) for wild-type and mutant rP2X; activated
by ATP or BzATP as measured by TEVC

Mutants ATP BzATP ATP T (s) BzATP T (s)
ECso (M) ECso (M)
WT 349 12+0.2 2.0+0.4* 18+1.6*
R125A N+14 5+1 3.5+0.6 18+£3.7
Q143A 13+£30 85+3.2 12+0.1 71+£0.6
1214A 68+ 25+0.8 2.3+10 21+3.5*
1214G 714 8+1 2.9+0.2 8.9+22
K127A 22+3 29+0.4 2.3+x0.7 21+6.2
R125A/Q143A  114+30 18+4 1.8+0.1 25+11
R125A/1214A 7710 14+2 3.7£0.8 2313
Q143A/1214A 29020 49+ 4 29+1.0 4.3+1.7
R125A/ 203+12 198+ 60 2.4+0.8 3.7+0.7
Q143A/1214A

The apparent affinity (ECso) values and deactivation kinetics (t) calculations represent the mean
and standard deviation across triplicate experiments. For the deactivation rates, a two-
component fit was required for three conditions denoted by a *: wild-type rP2X; activated by
BzATP, wild-type rP2X; activated by ATP, and rP2X;-1214A activated by BzATP. The two compo-
nent fits are reported in the table as the amplitude weighted lifetime <t>= fit; + foTo, where fis the
fractional contribution (f;) of each decay time to the overall decay. For wild-type rP2X; activated
by BzATP, this condition results in a 1;=1.1£0.4s (f;=34% + 1.5%) and 1, =27+ 2.3s (f,=66% *
1.5%) with an amplitude weighted lifetime 1=18 +1.6 s. For wild-type rP2X; activated by ATP, this
condition results in a 1=1.0+0.1s (f;=72% * 4.5%) and 1,= 4.4 +1.1s (f, = 28% + 4.5%) with an
amplitude weighted lifetime t=2.0+0.4 s. For wild-type rP2X;-1214A activated by BzATP, this
condition results ina ,=4.7+1.6 s (f1=66% * 2.1%) and 1, =53 +9.7 s (f, = 34% % 2.1%) with an
amplitude weighted lifetime T=21+ 3.5 s. Two component fits have been previously observed for
deactivation of P2X; by BzATP and reflect that ligand dissociation from the pocket and channel
resetting to a closed pore state is likely a multi-step process®. The fact that the deactivation rates
become mono-exponential when certain residues are mutated implicates the involvement of
these residues in this multi-step process.

became clear that while the rate of receptor deactivation following
activation by ATP does not change from any mutation, the rate of
receptor deactivation following activation by BzATP increases with
several different mutations (Fig. 5B-F, Table 1). To quantitate the
receptor’s deactivation lifetime (1), deactivation curves from TEVC
traces were fit to single or double phase decay functions and the rates
of deactivation when wild-type or mutant rP2X is activated by ATP or
BzATP were determined (Table 1). Again, to our surprise, the single
R125A mutation alone does not significantly change the rate of
receptor deactivation following activation by BzATP, while the single
QI143A mutation notably increases the rate of deactivation following
activation by BzATP (Fig. 5B, C, Table 1). The single 1214A mutation
does not affect the rate of deactivation following activation by BzATP,
while the single 1214G mutation significantly increases the rate of
deactivation following activation by BzATP to values similar to P2X;
orthologs with a glycine residue at this position (Table 1, Supplemen-
tary Fig. 9)*. None of the single mutant receptors activated by BZATP
demonstrated deactivation rates that were as fast as deactivation rates
for wild-type receptor activated by ATP (Table 1). However, the effect
of some double mutations (RI25A/Q143A and QI143A/I214A) are
synergistic, increasing the rate of deactivation after activation by
BzATP to the wild-type rate of deactivation after activation by ATP
(Fig. 5D, Table 1). Importantly, one double mutation (R125A/1214A)
retains a slow rate of deactivation following activation by BzATP
(Fig. 5E, Table 1). The triple mutation (R125A/Q143A/1214A) also
increases the rate of receptor deactivation after activation by BZATP to
that of wild-type rP2X; activated by ATP (Fig. 5F, Table 1).

Previous literature has described ATP as a partial agonist and
BzATP as a full agonist at P2X,*"*°. To dissect the molecular mechanisms
governing partial vs. full agonism, we used TEVC to compare the
absolute intensity of the currents for oocytes expressing wild-type or
mutant rP2X; following activation by BzATP or ATP. As expected, for
any given oocyte, wild-type rP2X; activated by BzATP results in a greater
inward current than ATP at identical concentrations, consistent with
properties of a full agonist compared to a partial agonist (Fig. 6).
However, for oocytes expressing rP2X; containing the triple mutation
(R125A/Q143A/1214A), activation by identical concentrations of ATP and
BzATP result in equal current amplitudes (Fig. 6). Thus, the triple
mutation (R125A/Q143A/1214A) results in a P2X; receptor with equal
apparent affinity (Fig. 4C), equal rates of receptor deactivation (Fig. 5F),
and equal efficacy (Fig. 6) with respect to activation by ATP and BzATP,
rendering them functionally equivalent agonists. Altogether, this allows
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Fig. 7 | Structural basis for high-affinity agonism at the P2X; receptor. Sche-
matic representation of the more compacted orthosteric pocket when BzATP is
bound to rP2X; compared to when ATP is bound. A View of ATP bound in the
orthosteric rP2X; ligand-binding site highlighting the positions of residues R125,
Q143, and 1214. Residue R125 is stubbed at the Cf due to a lack of density in the map.
B View of ATP bound in the orthosteric rP2X; ligand-binding site highlighting a
more open pocket. C View of BZATP bound in the orthosteric rP2X; ligand-binding

site highlighting a more compact pocket. D View of BZATP bound in the orthosteric
rP2X; ligand-binding site highlighting the positions of residues R125, Q143, and
1214. B, C Because of its key interactions with residues R125, Q143, and 1214 in rP2X;,
BzATP has a faster association rate (k,) and a slower dissociation rate (kq), con-
tributing to its higher binding affinity (equilibrium dissociation constant, Kp)
compared to ATP.

us to conclude that residues R125, Q143, and 1214, located just outside
the canonical orthosteric ligand-binding site, are responsible for med-
iating each of the properties that make BzATP distinct from ATP.

Discussion
The structural and functional data associated with full-length wild-type
rP2X; in apo and high-affinity agonist-bound states provide significant
insights into its molecular pharmacology and unique transmembrane
architecture. (1) Updated apo closed state structures of rP2X; allow
placement of water molecules throughout the receptor and identifi-
cation of a Na" ion located directly above the closed gate, revealing
how the channel’s pore selects a partially dehydrated Na* ion. (2) The
significantly improved resolution of the updated apo closed state
rP2X; structures visualize how three different sets of symmetry-related
water molecules within the membrane interact with the backbone of
the pore-lining helix (TM2) to alter its helical topology, inducing the
start of, and facilitating the termination of, a short 3,o-helix that is
responsible for correctly positioning the residues that define the
receptor’s closed gate. (3) BLI experiments directly measure the
binding affinity (Kp) of rP2X; for ATP and BzATP, confirming that P2X;
does have a lower binding affinity for ATP compared to other P2XR
subtypes. (4) Structural and electrophysiological data provide an
explanation for the high-affinity agonism of rP2X; by BzATP.
Visualizing ions in the pore of ion channels provides key insights
into the selectivity, hydration states, and flow of ions**’. The con-
ductance pathway of P2X; begins with a preliminary constriction site
formed by S339 from each protomer (Fig. 1B, C, Supplementary
Fig. 5A, G). Next, a central cavity coordinates a partially hydrated Na*
ion thatis coordinated by three symmetry-related water molecules and
the sidechain hydroxyl of residue S342 from each protomer (Fig. 1B).
The conductance pathway of the closed state is completed by S342
from each protomer to form the closed gate of P2X; (Fig. 1B, C, Sup-
plementary Fig. 5A, G)*. Interestingly, just 3A intracellular to the
closed gate and within the pore, three additional symmetry-related
water molecules are observed to interact with the sidechain hydroxyl
of S342 (one water molecule interacts with the S342 hydroxyl from the
corresponding protomer). Based on their location, it appears that
these ordered water molecules are ideally poised to fully re-hydrate
Na* ions once the ion channel is activated and sodium flows inward
(Fig. 1B, C). We speculate the network of C3 symmetric interactions
surrounding the closed gate is perfectly arranged to facilitate the
octahedral coordination of Na*, the most abundant ion in the extra-
cellular environment. However, as the channel opens, the closed

conductance pathway, formed by S342 from each protomer, dissolves
to dramatically change the TM helices and create an open pore capable
of non-selectively passing cations. We believe that other cations, such
as Ca®, are likely never coordinated in the pore of the apo closed state.
Altogether, this work reveals a structural snapshot of the conductance
pathway of a Na* ion for P2X5, laying the foundations for future work to
understand ion flow through the receptor.

The updated topology of the rP2X; pore in the apo closed state,
enabled by higher resolution structures, reveals a complex network of
intramembrane water/protein interactions that stabilize a unique
structural arrangement in TM2 to correctly set the closed gate and
prevent ion flow. In the original structure of rP2X; in the apo closed
state, a similar structural arrangement of TM2 was noticed, however,
limited resolution prevented a molecular explanation for its unusual
configuration®. Closely flanked by glycine residues (G338 and G345), a
short 3;0-helix in TM2 (residues 340-344) is induced and subsequently
reset with flanking helical kinks stabilized by three different sets of
symmetry-related ordered water molecules located above and below
the receptor gate (Fig. 1D, Supplementary Fig 4). Water molecules that
induce structural changes in TM helices have been shown to play a
functional role in other receptors®*’. However, the water mediated
kinks formed from intramembrane water/protein interactions seen in
P2X; have not been observed in the published apo state structures for
any other P2XR subtype®***°, For P2X;, formation of this 3,0-helix
appears to play a crucial role in correctly positioning S342 from each
protomer to form the gate in the apo closed conformation, which is
potentially stabilized by the presence of a Na* ion (Fig. 1B-D). The
location of S342 at the constriction gate is equivalent to that of resi-
dues in other P2XRs that have been demonstrated to impact ion
selectivity, likely maintaining a role as a piece of the selectivity filter
within rP2X; that regulates the passage of partially dehydrated cations
(Supplementary Fig. 5, 9)°*°°%¢!_ Further, in the agonist-bound struc-
tures of rP2X;, the constriction formed by S342 from each protomer
defines the narrowest region of the open pore, indicating this residue
remains important to the conductance pathway of the open channel
(Supplementary Fig. 5).

Across P2XRs, BzATP is universally considered a more potent
agonist than ATP, yet a molecular explanation for its high-affinity
agonism has been unclear to this point™*>. In contrast to equilibrium-
based radioligand assays conducted for other P2XRs, our BLI experi-
ments provide valuable information regarding the kinetics of ligand-
binding across a range of affinities. The BLI data confirm that P2X;
requires more ATP in the extracellular environment than other
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subtypes to bind the receptor. The higher affinity of BzZATP when
compared to ATP is due to a faster association to and a slower dis-
sociation from rP2X,, resulting in a correspondingly -70-fold higher
binding affinity (Kp) (Figs. 2C, D, 7). Interestingly, the rate of dis-
sociation of BzZATP from rP2X; in the BLI experiments is slower than
the rate of receptor deactivation following activation by BzATP in the
TEVC experiments. This may reflect differences that arise from per-
forming kinetic BLI measurements in detergent compared to the more
native membrane environment of the TEVC experiments.

The high-affinity of BZATP for P2X; is a result of three residues
R125, Q143, and 1214, located just outside the canonical orthosteric
ligand-binding site that, upon BzATP binding, structurally rearrange to
coordinate the carboxybenzophenone moiety of BzATP (Fig. 7A, D).
Across rat, mouse, and human P2X;, R125 and Q143 are conserved
while there is an 1214G substitution in the mouse ortholog (Supple-
mentary Fig. 9). Interestingly, sequence alignments indicate that these
residues are not conserved across other P2XR subtypes (Supplemen-
tary Fig. 9). Structurally, R125, Q143, and 1214 are similarly positioned
to K113, P128, and M200 in hP2X; (PDB code: 5SVK) and T124, R143,
and L217 in zfP2X, (PDB code: 4DW1), showing that BzATP is coordi-
nated by a unique set of residues for each P2XR that likely play a role in
its subtype-selectivity™*".

The roles of R125, Q143, and 1214 in high-affinity BzZATP binding
can be interpreted from the electrophysiology data. Since the ratio of
kq to k, is the equilibrium dissociation constant, Kp, evaluating how
selective residue mutations affect apparent affinity (ECso) and rate of
receptor deactivation (t) can provide insight into how the mutations
impact BZATP and ATP binding relative to the wild-type receptor. For
example, we can conclude that residue R125 plays a role in facilitating
the association of BzATP to rP2Xs. This is because an alanine mutation
at this residue position reduces the receptor’s apparent affinity for
BzATP without altering the rate of receptor deactivation (Figs. 4A, 5C,
Table 1, Supplementary Fig. 8). This can only happen if the alanine
mutation impacts (by decreasing) the rate of ligand association. On the
other hand, residue Q143 seems to be responsible for slowing the
dissociation of BzATP from rP2X, because when mutated to alanine,
the rate of receptor deactivation increases and correlatively, the
apparent affinity for BZATP decreases (Figs. 4A, 5B, Table 1, Supple-
mentary Fig. 8). Finally, mutation of 1214 on its own has little impact on
the apparent affinity of ATP or BZATP to rP2X5, however in conjunction
with other mutations, mutating this residue appears to have syner-
gistic effects. Any single mutation to the three residues structurally
responsible for BZATP-binding does not nullify the high-affinity bind-
ing of BZATP relative to ATP for rP2X5, so multiple residues must play a
synergetic role to facilitate high-affinity agonism by BzZATP. Examining
the results from two mutant receptors highlights the impact of resi-
dues on high-affinity BZATP agonism. The double mutation R125A/
I1214A decreases apparent affinity without altering rates of receptor
deactivation, confirming Q143 is key for slowing the dissociation of
BzATP from the receptor. However, only the triple mutation (R125A/
Q143A/1214A) is ultimately able to effectively passivate the slower
dissociation and eliminate the high-affinity agonism of BZATP to rP2X;.
Thus, the ability of rP2X; to discriminate between ATP and BzATP
resides in how residues R125, Q143, and 1214 interact with each ligand.

The structural and functional data provided here define ion coor-
dination and the conductance pathway in the apo closed state as well as
high-affinity agonism for the rP2X; receptor. A partially hydrated Na*
ion sits directly above the closed gate with one set of waters poised in
the pore just below, revealing how partially hydrated ions can con-
tribute to the stability of the closed channel and suggests a mechanism
for ion re-hydration upon pore opening. Three different sets of
symmetry-related ordered water molecules, one set within the pore and
above the gate and the other two sets below the gate and within the
transmembrane domain, directly impact the helical topology of TM2,

correctly positioning residues to stabilize the closed gate. The universal
P2XR agonist, BZATP, interacts with three residues just outside of the
canonical P2X; orthosteric ligand-binding site. These interactions pro-
mote ligand entry into the binding pocket and cause the receptor to
clamp onto the ligand by forming a more compact pocket, slowing its
release (Fig. 7). Thus, these ligand-receptor interactions both increase
BzATP association to the receptor and slow BzATP dissociation from the
receptor, enabling its high-affinity agonism. The faster association of
BzATP to rP2X; is likely a combination of several factors: steric bulk of
the carboxybenzophenone moiety limits the potential for orientation
sampling of the ligand and the positively charged sidechain of R125
interacts with the carboxybenzophenone moiety to provide an initial
binding step to facilitate BZATP entry into the pocket. The slower dis-
sociation of BzATP from rP2X; is likely an effect of the increased net-
work of interactions that stabilize the ligand when bound,
predominately mediated by Q143. Leveraging these molecular insights,
new iterations of P2X; agonists can be developed to optimize the
interactions responsible for the high-affinity of BZATP. Altogether, our
results explain the structural and functional foundations of high-affinity
BzATP agonism, providing pivotal considerations for the development
of P2XR agonists, which might be important experimental tools to study
or effective therapeutic approaches to treat several forms of cancer®.

Methods

Ethical statement

Unfertilized Xenopus laevis oocytes were purchased through Ecocyte
Biosciences and kept at 18 °C until injection. This research complies
with all relevant ethical regulations. All surgical procedures for isolation
of Xenopus laevis oocytes were done in accordance with animal welfare
laws, followed national and institutional guidelines for humane animal
treatment and complied with relevant legislation. Ecoycte Biocience
protocols help reduce the stress and harm on the laboratory animals,
and appropriate aftercare such as pain management is employed to
further minimize the impact of surgeries on the animals.

Cell Lines

SF9 cells were cultured in SF-900 Il SFM (Fisher Scientific) at 27 °C.
Cells of female origin were used for the expression of baculovirus.
HEK293 GNTI cells were cultured using Gibco Freestyle 293 Expression
Medium (Fisher Scientific) at 37 °C supplemented with 2% v/v fetal
bovine serum (FBS)®%. HEK293 cells of female origin were used to
express receptor.

Receptor constructs

The full-length wild-type rP2X; construct used for structure determi-
nation has been previously described”. No mutations or truncations
were made to the receptor for structure determination. For electro-
physiology experiments, the rP2X,-WT construct is unmodified, full-
length wild-type rP2X; with no GFP, protease sites, or affinity tags
present. All mutagenesis was performed using QuikChange XL muta-
genesis kits (Agilent Technologies) from this initial WT construct to
create mutant receptors: rP2X,-R125A, rP2X;-R127A, rP2X;-Q143A,
rP2X,-1214A, rP2X,-1214G, rP2X,-R125A/Q143A, rP2X,-R125A/1214A,
rP2X,-Q143A/1214A, and rP2X;-R125A/Q143A/1214A.

Receptor expression and purification

The full-length wild-type rP2X; construct was expressed by baculo-
virus mediated gene transfection (BacMam) using identical protocols
as previously outlined®. Briefly, HEK293 GNTI cells were grown in
suspension to a sufficient density and infected with P2 BacMam virus.
Following overnight growth at 37 °C, sodium butyrate was added (final
concentration of 10 mM) and cells shifted to 30 °C for an additional
48 hours. After such time, the cells were harvested, washed with PBS
buffer (137 mM NaCl, 2.7mM KCI, 8 mM Na,HPO,4, 2 mM KH,POy,),
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suspended in TBS (50 mM Tris pH 8.0, 150 mM NaCl) containing pro-
tease inhibitors (ImM PMSF, 0.05mg/mL aprotinin, 2 mg/mL Pep-
statin A, 2 mg/mL leupeptin), and broken via sonication. Intact cells
and cellular debris were removed by centrifugation and then mem-
branes isolated by ultracentrifugation. The membranes were snap
frozen and stored at —80 °C until use.

Membranes were thawed, resuspended in TBS buffer containing
15% glycerol, dounce homogenized, and then solubilized in 40 mM
dodecyl-B-D-maltopyranoside (DDM or C12M) and 8 mM cholesterol
hemisuccinate tris salt (CHS). The soluble fraction was isolated by
ultracentrifugation and incubated with TALON resin in the presence of
10 mM imidazole at 4 °C for 1-2 h. After packing into an XK-16 column,
the purification column was washed with 2 column volumes of buffer
(TBS plus 5% glycerol, 1mM C12M, 0.2 mM CHS at pH 8.0) containing
20 mM imidazole, 10 column volumes containing 30 mM imidazole,
and eluted with buffer containing 250 mM imidazole. Peak fractions
containing the protein were concentrated and digested with HRV 3-C
protease (1:25, w/w) at 4 °C overnight. The digested protein was then
ultracentrifuged and injected onto a Superdex 200 10/300 GL column
for size exclusion chromatography (SEC) using buffer equilibrated
with 20 mM HEPES, pH 7.0, 100 mM NaCl, and 0.5 mM CI2M. Fractions
were analyzed by SDS-PAGE and fluorescence size exclusion chroma-
tography (FSEC), pooled accordingly, and concentrated for cryo-EM
grid preparation. For the sample in the absence of sodium, sodium
buffers were replaced with potassium buffers across all purifica-
tion steps.

Electron microscopy sample preparation

To prepare the BZATP-rP2X; sample, the purified receptor was incu-
bated with BzATP at 400 pM (Alomone Labs). After a one-hour incu-
bation and ultracentrifugation, cryo-EM grids were prepared for each
rP2X; sample. Specifically, for all apo samples 2.5 pL of sample was
applied to glow-discharged (15 mA, 1 min) Quantifoil R1.2/1.3 300 mesh
gold holey carbon grids which were blotted for 1.5s under 100%
humidity at 6 °C. For the BzATP-containing condition, sample was
applied twice, blotting in-between to achieve adequate particle con-
centrations. The grids were then flash frozen in liquid ethane using a
FEI Vitrobot Mark IV and stored under liquid nitrogen until screening
and large-scale data acquisition.

Electron microscopy data acquisition

Cryo-EM datasets for all receptor complexes were collected on Titan
Krios microscopes (FEI) operated at 300 kV at the Pacific Northwest
Center for Cryo-EM (PNCC). Datasets were acquired on microscopes
with an energy filter (Gatan Image Filter, 20 eV slit width) and a Gatan
K3 direct-electron detector. All movies were collected in super-
resolution mode at a nominal magnification of x130,000, corre-
sponding to a physical pixel size of ~0.648 A/pixel, using a defocus
range of -0.8 to -1.5 um and total dose of between 40 and 45 e/ A%
Each dataset utilized ‘multi-shot’ and ‘multi-hole’ collection schemes
driven by serialEM to maximize high-throughput data collection®.

Electron microscopy data processing

Super-resolution image stacks were motion corrected and binned in
cryoSPARC V3 using patch motion correction (Supplementary Fig. 2,
Supplementary Table 1)*. The contrast transfer function (CTF) para-
meters were estimated in cryoSPARC using patch CTF estimation and
particles picked using 2D templates. Micrographs and particle picks
were curated and after extraction, particles were classified using
iterative ab initio and heterogenous classifications (Supplementary
Fig. 2). No 2D classification was performed for any dataset. The final
homogenous particle stack was re-extracted at the physical pixel size
(0.648 A/pixel), CTF correction at the global and local scales per-
formed, and a final non-uniform refinement generated the consensus
cryo-EM map (Supplementary Fig. 2, 3, Supplementary Table 1).

Model building and structure determination

The models were built in Coot v0.9.8 based upon initial models of
rP2X; in either the apo closed state (PDB code: 6U9V) or ATP-bound
open state (PDB code: 6U9W)*%, The closed state structure 6U9V was
used for apo models, while the open state structure 6U9W was used for
the initial model of the high-affinity agonist BZATP bound to rP2X;.
BzATP and its corresponding CIF file were built in eLBOW with pro-
tonation states corresponding to approximately pH 7°. All stages of
model building involved manual adjustments based on the quality of
the maps in Coot, followed by real space refinement in PHENIX v1.18%.
Limited glycosylation and acylation were included in the models when
justified by density. In some of the models, sidechains for residues
were not included if sufficient density was not apparent. Some het-
eroatoms were renumbered from the initial models to facilitate com-
parison between the final models. Model quality was evaluated by
MolProbity (Supplementary Table 1),

In silico AAG calculations

The AAG calculations were performed within Rosetta using the all-atom
scoring function®. Briefly, single-point or sets of mutations for the
BzATP-bound rP2X; structure were made in Coot and the scoring
function performed using parameter files for ligands or unknown resi-
dues. Mutant receptor AG scores were then subtracted from the wild-
type AG score to determine the AAG score for the mutant construct.

Two-electrode voltage clamping

Preparation of oocytes expressing rP2X;. Xenopus Laevis oocytes
were purchased defolliculated from Ecocyte Biosciences and resus-
pended in Modified Barth’s Solution 88 mM NacCl, 1 mM KCI, 0.82 mM
MgS0;, 0.33mM Ca(NO3)»4H,0, 0.41mM CaCl,2H,0, 2.4 mM
NaHCO;, 5mM HEPES supplemented with amikacin 250 mg/L and
gentamycin 150 mg/L. Oocytes were then injected with 50 nL of 10 ng/
pL rP2X; mRNA that was made from linearized full-length wild-type or
mutant pcDNA 3.1x according to the protocol provided in the mMes-
sage mMachine kit (Invitrogen). Injected ooctyes were allowed to
express for -20 hours before recording was performed.

TEVC recordings. Data acquisition was performed using the Ooctye
Clamp OC-725C amplifier and pClamp 8.2 software. Buffers were
applied using a gravity fed RSC-200 Rapid Solution Changer that flows
at -5mL/min. All experiments use Sutter filamented glass 10 cm in
length with an inner diameter of 0.69 mm and an outer diameter of
1.2 mm to impale oocytes and clamp the holding voltage at -60 mV.
Experiments were recorded in buffer containing 100 mM NacCl, 2.5 mM
KCI, 0.1 mM EDTA, 0.1 mM flufenamic acid, and 5 mM HEPES at pH 7.4.
All oocytes expressing wild-type and mutant P2X; were facilitated with
100 pM before any final data was recorded.

Dose response (ECso) experiments. Excitatory responses to a dilution
series of ATP consisting of 1.5 mM, 500 uM, 166 uM, 55 uM, 19 uM,
6 UM, and 2 pM were examined. Dilution series experiments using
BzATP were performed at concentrations of 300 pM, 100 pM, 33 uM,
11uM, 3.7 uM, 1.2 uM, 0.41 pM, and 0.14 pM. Each evoked response was
normalized to the signal evoked by the largest concentration and the
data was fitted in Prism 9 using the nonlinear regression named “ECso,
x is concentration” to afford ECsg values. This value is then averaged
amongst each singular condition and reported as an average plus or
minus the standard deviation.

Assessing deactivation time (t) experiments. Currents were evoked
by application of 100 pM ATP or 10 pM BzATP and deactivation was
observed. The triple mutant (Q143A/R125A/1214A) required 100 pM
BzATP to generate traces for deactivation time experiments. Each
condition was completed in triplicate for the first, second, and third
application of a single ligand to a single oocyte condition. Average
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deactivation times (t) were calculated using either Prism 9 or RStudio
software to fit each TEVC tracing to a one- or two-phase decay func-
tion, respectively, and obtain a value 1. To determine the correct
model for each mutation and agonist, data was fit to one- and two-
phase decay functions to generate R? values. The simplest model was
chosen that allowed for an adjusted R? value of 0.99 or greater. In cases
where the two-phase model did not reach a plateau, the one-phase
decay model was chosen by default. The 1 values of each singular
condition were averaged and reported as an average plus or minus the
standard deviation.

Efficacy experiments. An initial excitatory response to 100 uM ATP
was recorded from each oocyte for normalization. This was followed
by a 50 uM ATP application, and then a 50 pM BzATP application for
oocytes expressing either the wild-type or triple mutant (Q143A/
R125A/1214A) receptor. The concentration was then increased to
100 pM ATP and 100 pM BzATP, and evoked currents were again
recorded for oocytes expressing either the wild-type or triple mutant
(Q143A/R125A/1214A) receptor. After each application of agonist, cur-
rents were returned to baseline with application of recording buffer.
Each concentration was tested in triplicate per receptor construct and
graphed on a scatter bar graph using Prism 9.

In vitro biotinylation of rP2X,

Purified rP2X; was diluted to 1 mL and desalted into PBS buffer (pH 7.4)
using a HiTrap desalting column (Cytiva). Desalted fractions contain-
ing rP2X; were pooled and concentrated before adjusting the pH to 8.0
with NaHCO;. NHS-ester-PEG12-biotin (ThermoFisher) was added and
incubated at 23 °C for 60 min with shaking. The biotinylated sample
was then diluted with PBS and concentrated. Dilution and concentra-
tion was repeated four more times to remove free NHS-ester-PEG12-
biotin in a 100 kDa concentrator (Millipore Sigma). After final con-
centration, the absorbance at 280 nm was taken to quantify the con-
centration of biotinylated rP2X;.

BLI for affinity determination

BLI experiments were carried out on a ForteBio Octet RED384 instru-
ment with ForteBio Data Acquisition software 11.0. The assays were
performed at 30°C in 384-well tilted-bottom plates (Sartorius) with
orbital shaking at 1,000 r.p.m. Running buffer consisted of filtered
(0.22 um) PBS (pH 7.4) and 0.5 mM DDM (Anatrace). SA biosensor tips
(Sartorius) were pre-equilibrated in running buffer for 20 min and loa-
ded with 50 ugml™ of biotinylated rP2X; ligand or biocytin (Sigma-
Aldrich) control for 1800 s. Next, the loaded SA sensors were blocked
with 100 pg mI™ of biocytin for 150 s and then washed with running
buffer for 60 s. All loaded sensors were then baselined in running buffer
for 120's and dipped into wells containing threefold dilutions (30 to
0.12 pM for ATP or 3.3 to 0.014 uM for BzATP) for 90 s and then returned
to running buffer for the dissociation step for 300 s for ATP or 800 s for
BzATP. After data collection, rate constants for association and dis-
sociation were determined using ForteBio Data Analysis HT 11.0 eva-
luation software. To maximize signal between the large ligand and small
analyte, the raw data were double reference subtracted. The first sub-
traction was biocytin controls across analyte concentrations and the
second, at the zero-analyte concentration. Using biocytin for a parallel
reference has been described previously and is an adequate and gen-
eralizable method to quantify nonspecific binding to sensors at different
analyte concentrations, independent of the protein system being
studied®’. Biocytin binds to the streptavidin (SA) biosensors to eliminate
non-specific binding of the analyte to the sensor. For each interaction
pair, the association rate constant (k,) and the dissociation rate constant
(kq) were calculated with an average of three independent assays with at
least four different concentrations that were globally fit to a 1:1 Langmuir
binding model. The equilibrium dissociation constant (Kp) was calcu-
lated as the ratio of kq to k,. The Kp, k,, and kq values are reported as the

average + the standard deviation of three replicate datasets for each
analyte, with each dataset using at least four independent traces. The
analyzed data were exported and plotted in GraphPad Prism 9.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All cryo-EM density maps for the full-length wild-type rP2X; receptorin
the apo and agonist-bound states have been deposited in the EM
Database under the EMDB accession codes: EMD-41570 (apo NaCl),
EMD-42976 (apo KCI), and EMD-41581 (BzATP). The maps within these
depositions include both half maps, sharpened/unsharpened maps,
refinement masks, and any local refinements or locally sharpened
maps that helped with model building. The corresponding coordinates
for the structures have been deposited in Protein Data Bank under the
PDB accession codes: 8TR5 (apo NaCl), 8V4S (apo KCI), and 8TRJ
(BzATP). The ATP-bound open state structure of rP2X, was obtained
using the PDB code 6U9W. The source data underlying Figs. 2B-D,
4A-C, 5A-F, 6, Table 1, and Supplementary Fig. 8 are provided as a
Source Data file. Source data are provided with this paper.
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