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Finely ordered intracellular domain harbors
an allosteric site to modulate
physiopathological function of P2X3
receptors

A list of authors and their affiliations appears at the end of the paper

P2X receptors, a subfamily of ligand-gated ion channels activated by extra-
cellular ATP, are implicated in various physiopathological processes, including
inflammation, pain perception, and immune and respiratory regulations.
Structural determinations using crystallography and cryo-EM have revealed
that the extracellular three-dimensional architectures of different P2X sub-
types across various species are remarkably identical, greatly advancing our
understanding of P2X activation mechanisms. However, structural studies
yield paradoxical architectures of the intracellular domain (ICD) of different
subtypes (e.g., P2X3 and P2X7) at the apo state, and the role of the ICD in P2X
functional regulation remains unclear. Here, we propose that the P2X3
receptor’s ICDhas an apo state conformation similar to the open state butwith
a less tense architecture, containing allosteric sites that influence P2X3’s
physiological and pathological roles. Using covalent occupancy, engineered
disulfide bonds and voltage-clamp fluorometry, we suggested that the ICD can
undergo coordinated motions with the transmembrane domain of P2X3,
thereby facilitating channel activation. Additionally, we identified a novel P2X3
enhancer, PSFL77, and uncovered its potential allosteric site located in the
1α3βdomain of the ICD. PSFL77modulated pain perception in P2rx3+/+, but not
in P2rx3−/−, mice, indicating that the 1α3β, a “tunable” region implicated in the
regulation of P2X3 functions. Thus, when P2X3 is in its apo state, its ICD
architecture is fairly ordered rather than an unstructured outward folding,
enabling allosteric modulation of the signaling of P2X3 receptors.

The intracellular domain (ICD) of ion channels is crucial for the reg-
ulation of channel activity and signal transduction1,2. Several ion
channels are directly activated by endogenous and exogenous sub-
stances inside cells. These include cyclic nucleotide-gated (CNG)
channels, which are activatedby cyclic nucleotides3, transient receptor
potential melastatin 2 (TRPM2) receptors, which are activated by
intracellular adenosine diphosphate ribose (ADPR) and calcium ions4,5,
and TRPA1’s abundance of cysteine residues at the N-terminal, which

allows it to sense mustard oil, cinnamic aldehyde, and other
chemicals6. The ICD is frequently capable of interacting directly with
other proteins that influence channel function. For example, one
mechanism of N-methyl-D-aspartate (NMDA) receptor-mediated neu-
rotoxicity is the intracellular interaction of TRPM4 with NMDA
receptors7,8. ICD also provides ion permeation-independent signaling
pathways of ion channels, e.g., the TRPM7 channel’s ICD includes a
kinase region that gives the TRPM7 ion channel and kinase dual
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functionality9,10. Acidic neuronal necrosis is facilitated by acid-sensing
ion channels (ASIC1a) via its C-terminus, which interacts with receptor-
interacting protein kinase 1 (RIPK1)11,12.

P2X receptors are a class of non-selective cation channels that
detect extracellular ATP levels ranging from nanomolar to
millimolar13,14. A total of seven distinct subtypes of P2X (P2X1–7) have
been identified, each of which consists of three subunits in a homo- or
heterotrimer13,14. P2X receptors are found in many tissues of both
higher and lower organisms15. They play a role in a variety of physio-
logical and pathological processes, such as synaptic transmission16,
inflammation17,18, neuropathic pain19,20, chronic cough21, blood-
pressure control22–24, and immune regulation25–27. As a result, P2X
receptors have drawn a lot of interest as a cutting-edge class of ther-
apeutic targets. Among them, the P2X3 receptor has thepotential to be
a new therapeutic target for endometriosis28, neuropathic pain29,30,
hypertension22, idiopathic interstitial pulmonary fibrosis31 and chronic
cough21,32; the P2X4 receptor, for alcohol use disorders and neuro-
pathic pain33–35; and the P2X7 receptor, for rheumatoid arthritis36,37,
neuralgia38, and a variety of psychiatric disorders and neurodegen-
eration diseases39,40.

In recent years, the structures of about thirty P2X receptors from
higher or lower organisms have been determined by X-ray diffraction
or single-particle cryo-electron microscopy (cryo-EM) methods41.
From these structures, it is found that P2X has a very conserved three-
dimensional extracellular architecture and almost the same gating
mechanism. Notably, the seven subtypes of P2X receptors differ in
their intracellular termini (N- and C-termini) sequence, particularly the
C-terminal, which can vary in length from 41 amino acids for the
shortest P2X4 to 240 amino acids for the longest P2X742,43. This var-
iation in lengthmay cause the P2X receptor’s ICD to different assembly
and may contribute to inter-subtype functional variability. Among
available P2X structures, only ICD structure of rat P2X7 (rP2X7)
receptor in theapo andopen states, andof thehP2X3 in theopen state,
have been determined44,45 (see also Fig. 1A, B and Supplementary
Fig. 1). TheN- andC-termini of the P2X7 receptor fold together to form
a “cytoplasmic cap” architecture and a unique GDP-binding domain45

(Fig. S1). Notably, comparisons of open and closed structures aswell as
fluorescence changes in voltage-clampfluorometry (VCF) indicate that
the ICD of the P2X7 receptor undergoes little conformational change
during channel gating45,46. Additionally, the open crystal structure of
the human P2X3 (hP2X3) receptor takes a similar ICD assembly to that
of the open cryo-EM structure of P2X7 (F7-W21 and N345-E363, num-
bered by hP2X3). However, the architecture of the ICD ismissing in the
apo structure of the hP2X3 receptor, and it has been assumed that the

P2X3’s ICD folded in a differentmanner44 with that of P2X745 in the apo
state (Fig. 1A, B and below). This assumption is somewhat reasonable
because P2X7’s sequence length differs from that of other P2X sub-
types, including P2X3. However, it is still unclear whether P2X3’s ICD
indeed adopts distinctly in the apo and open states. Doubts about this
point were reinforced when we refined the hP2X3 crystal structure in
the resting state with bound inhibitor AF-219 (Supplementary Fig. 2A)
and found an inward-folded ICD (similar to the conformation of ICD in
the open state, Fig. 1C and Supplementary Fig. 2B).Meanwhile, it is still
unknown how P2X3’s ICD functions in channel gating and how is the
ICD involved in the regulation of physiopathological function of P2X3.

Here, we suggest that the P2X3 receptor’s ICD could move in
coordination with the transmembrane region and facilitate channel
activation. We also identified the novel P2X3 receptor enhancer
PSFL77, which acts at the ICD of P2X3. Using PSFL77 as a chemical tool,
in combination with engineered disulfide bonds, and changes in
emission spectra of fluorescent unnatural amino acids (flUAA), we
found that the ICD of the P2X3 receptor adopts a well-assembled,
open-state-like, but slightly different conformation in the apo state.
Furthermore, PSFL77 was able to affect nociception in wild-type (WT)
mice but not in P2X3 knockout animals, suggesting a potential role for
ICD allosteric regulation in P2X3 receptor signaling.

Results
Interrelated movements of intracellular and transmembrane
domains possibly contribute to the activation of P2X3 receptors
Within the ICD of rat P2X3 (rP2X3), the amino acids from three sub-
units, T9-S13 (subunit A), K14-S20 (subunit B), and F358-E363 (subunit
C), create three longitudinally organized β-sheets, flanked by an α-
helix from subunit B (L347-K357) (Fig. 2A). We have designated this
particular region as the 1α3β domain, and the formation of the “cyto-
plasmic cap” of the trimeric P2X3 receptor is achieved by the combi-
nation of the three 1α3β domains (Fig. 2A, B).

Since the function of the 1α3β domain in channel activity
remains unexplored, we initially investigated its potential role in
P2X3 gating. Normal mode analysis was performed on the open
hP2X3 structure (PDB ID: 5SVK) in both channels that were
embedded in cell membranes (membrANM, 20 modes) and in the
absence of cell membranes (ANM, 100 modes). In all membrANM
and ANM motion models, there was a high association observed
between the motions of the transmembrane domain (TMD) and the
1α3β domain (Fig. 2C and Supplementary Fig. 3). Particularly, in
membrANM’s low-frequency mode 3, 1α3β remained intact as a
single unit (Fig. 2C). As the TMD underwent a twist, the 1α3β domain

Fig. 1 | Intracellular architecture of P2X3 receptors in the apo/antagonist-
bound and open states. A,BCartoon representation of potential architectures for
the human P2X3 (hP2X3) receptor in its apo/antagonist-bound state (A) and open
state (B), as suggested by structural studies. In the proposed apo or antagonist-
bound state (A), the hP2X3 receptor exhibited loosely folded ICD extending

outward. Conversely, in the open state (B), these intracellular regions were finely
folded inward. C Zoom-in view of the refined crystal structure of hP2X3 (PDB ID:
5YVE) in its antagonist-bound closed state, featuring the inclusion of 8 amino acids
(13-PKVIVVKS-20) appended to the N-terminus of the receptors.
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likewise underwent rotation, accompanied by an increase in pore
size (Supplementary Movie 1), implying a crucial role of 1α3β in
channel gating of P2X3 receptors.

Indeed, mutations in key amino acids (Fig. 2B) in the 1α3β
domain revealed that rP2X3Y10A, rP2X3T12A, rP2X3V16A, rP2X3V18A,
rP2X3I23A, rP2X3L343A, rP2X3Y353A, rP2X3K357A and rP2X3E359A nearly
abolished the ATP response of P2X3 receptors (P < 0.001, vs.
WT, one-way ANOVA with Dunnett’s multiple comparisons test,
F (13, 65) = 7.668, n = 5–10). While ATP-induced currents were sig-
nificantly reduced at rP2X3V361A and rP2X3E363A, but not rP2X3R356A

and rP2X3S20A (current density = 13.9 ± 6.6, 20.2 ± 5.0, 52.9 ± 16.9,
69.4 ± 17.1 and 57.4 ± 14.0 pA/pF for rP2X3V361A, rP2X3E363A, rP2X3R356A,
rP2X3S20A and rP2X3WT, respectively, P > 0.05 or <0.05 vs. rP2X3WT,
one-way ANOVA with Dunnett’s multiple comparisons test,
F (13, 65) = 7.668, n = 5–10, Fig. 2D). Remarkably, the total and sur-
face expression levels of mutants with significantly reduced ATP
currents (Fig. 2D) were only slightly different or not different
from those of WT P2X3 receptors (Supplementary Fig. 4A, B). We
introduced supplementary mutations (T12A, V16A, L343A, and
Y353A) into the S15C/F358C mutant. Trimeric bands of mutant
rP2X3T12A/S15C/F358C, rP2X3V16A/S15C/F358C, rP2X3L343A/S15C/F358C and rP2X3Y353A/

S15C/F358C were still discernible in non-reducing protein immunoblots
(Supplementary Fig. 4C). Additionally, we evaluated the role of the
trimeric assembly of the mutated P2X3 intracellular region using
bioluminescence resonance energy transfer (BRET)47–49 (Supple-
mentary Fig. 4D, E). RLUC and EYFP were fused to the C-terminus of
P2X3, and its ATP responsiveness was validated through

electrophysiological measurements (Supplementary Fig. 4D). Point
mutations (rP2X3T12A, rP2X3Y353A, and rP2X3K357A) were individually
introduced into P2X3-RLUC and P2X3-EYFP, and their intracellular
interactions were examined via BRET in HEK293T cells post-
transfection. Significant BRET interactions for rP2X3T12A, rP2X3Y353A

and rP2X3K357A were observed (BRET ratios for rP2X3WT, rP2X3T12A,
rP2X3Y353A and rP2X3K357A were 0.11 ± 0.02, 0.10 ± 0.02, 0.08 ± 0.01,
0.08 ± 0.02, respectively, *P < 0.05 and **P < 0.01 vs. pCDNA3, one-
way ANOVA with Dunnett’s multiple comparisons test; Supple-
mentary Fig. 4E). As a negative control, WT rP2X4 (rP2X4-EYFP)
demonstrated no significant effect with WT P2X3-RLUC (BRET
ratio = 0.04 ± 0.01, P = 0.5909 vs. pCDNA3, one-way ANOVA with
Dunnett’s multiple comparisons test; Supplementary Fig. 4E). These
results suggested that altered 1α3β internal interactions as well as
altered channel activations, may be responsible for the loss of
channel gating in mutations, rather than affecting channel surface
expressions and/or channel assembly.

flUAA incorporation combined with VCF analysis confirm the
allosteric change of ICD during P2X3 activation
Thus, in contrast to P2X745,46, the ICD of the P2X3 receptor possibly
undergo significant conformational changes upon activation. The
gating allosteric changes of several ion channels have been effectively
studied using ANAP (Fig. 3A), a flUAA capable of detecting con-
formational changes in adjacent residues throughout VCF
analysis32,50–53. Therefore, we introduced ANAP at several sites within
the ICD including rP2X3T9, rP2X3S15, rP2X3F358, rP2X3V361, rP2X3E363 and

Fig. 2 | The activation of P2X3 receptors may be associated with the inter-
related movements of transmembrane domains and intracellular
domains (ICD). A The homology model of the rP2X3 receptor at the open state,
observed in parallel to the membrane, with the membrane position indicated by
pink dots. Side and bottom perspectives of the ICD of rP2X3 in the right panel,
including the delineation of amino acid residue ranges 9–13, 14–20, 347–357, and
358–363. Eachof the three subunits is distinctly colored, with the “cytoplasmic cap”
composed of three 1α3β domains. B Zoom-in view of critical residues within the
1α3β domain of P2X3 receptors (numbered according to rat P2X3, rP2X3), dis-
played in sticks for emphasis. C Side and bottom views of the interrelatedmotions
of ICD and transmembrane domains in the mode derived from employing

membrANM analysis on the hP2X3 receptor. Motion direction is visually empha-
sized through the use of blue arrows. D Pooled data comparing rP2X3 current
density in response to ATP (10μM) for WT and mutant receptors. Each open circle
in the scatter plot represents an individual measurement. Data are expressed as
mean ± S.E.M. n = 5 (rP2X3Y10A, rP2X3T12A, rP2X3V16A, rP2X3I23A, rP2X3L343A, rP2X3Y353A,
rP2X3R356A, rP2X3K357A and rP2X3E363A), 6 (rP2X3V18A, rP2X3S20A, rP2X3V361A and
rP2X3E359A), or 10 (rP2X3WT). *P <0.05 and **P <0.01 vs. WT, one-way ANOVA with
Dunnett’s multiple comparisons test, P =0.003 (rP2X3Y10A, rP2X3T12A, rP2X3V16A,
rP2X3I23A, rP2X3Y353A, rP2X3K357A), 0.002 (rP2X3V18A), 0.9743 (rP2X3S20A), 0.005
(rP2X3L343A), 0.9996 (rP2X3R356A), 0.0058(rP2X3V361A), 0.0001 (rP2X3E359A), and
0.0459 (rP2X3E363A).
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rP2X3T364 (Fig. 3B, left). YFP, fused at the end of the rP2X3 plasmid,
exhibited a normal fluorescent signal, confirming the P2X3 receptor’s
incorporation of flUAA at the specific site for normal expression
(Fig. 3C). Since V143 is exposed to the solution and is located in the
extracellular head domain of P2X3 (Fig. 3B, right), it was used as a
negative control32. The maximal absorption spectrum wavelength of
ANAP for rP2X3V143ANAP remained relatively unchanged subsequent to
the administration of 10μMATP (1.08 ±0.33 nm, Fig. 3D, E), consistent
with previous findings32. Compared to rP2X3V143ANAP, rP2X3T9ANAP,
rP2X3F358ANAP, rP2X3E363ANAP and rP2X3T364ANAP (Fig. 3D–H), but not
rP2X3S15ANAP and rP2X3V361ANAP, showed significant emission peak shifts
(2.58 ± 0.40, 0.50± 0.31, 2.33 ± 0.21, 2.25 ± 0.55, 2.89 ±0.48 and
3.00 ± 0.32 nm for rP2X3T9ANAP, rP2X3S15ANAP, rP2X3F358ANAP, rP2X3V361ANAP,
rP2X3E363ANAP and rP2X3T364ANAP, respectively; *P <0.05 and **P <0.01 vs.
rP2X3V143ANAP, unpaired t test, n = 5–13, Fig. 3D). These results indicate
that the ICD (Fig. 2A) of the P2X3 receptor underwent allosteric
changes during the transition of the channel from the resting state to
the open state, which differs from the unchanged conformation of ICD
revealed by structural and VCF studies of the P2X7 receptor46.

Covalent occupancy-induced reduced channel activity under-
scores the critical role of allosteric changes of ICD during P2X3
activation, rather than other P2X subtypes
To further study the role of the ICD’s allostery in P2X3 activation, a
click chemical covalent occupancy was used to prevent the ICD from
conformational changes when the channel was activated. We intro-
duced free cystine into the ICD of P2X3, and used MTSEA, which can
cross the cell membrane54, to covalently attach to the free sulfhydryl
group in the mutated channel (Fig. 3I). ATP currents of rP2X3V16C and
rP2X3V361C were significantly reduced after MTSEA (1mM)’s covalent
modification (the ratio of the ATP current after/before = 0.160 ±0.045,
0.058 ±0.019 and 1.07 ±0.11, for rP2X3V16C, rP2X3V361C and rP2X3WT,
respectively; **P < 0.01 vs. rP2X3WT, one-way ANOVA with Dunnett’s
multiple comparisons test, F (4, 22) = 60.39, n = 4–7; Fig. 3J, K). The
decreased ATP current was restored by the removal of covalently
attached MTSEA using the reduced agent DTT (10mM, Fig. 3J). On the
other hand, the ATP current ofWT rP2X3was not significantly affected
by either MTSEA or DTT treatment (Fig. 3J). Therefore, rather than
being the result of other nonspecific occupancy, the considerable

Fig. 3 | Detecting conformational changes in P2X3’s 1α3β domain by voltage-
clamp fluorometry (VCF) and covalent occupancy. A Schematic representation
of the insertion of fluorescent unnatural amino acid (flUAA) ANAP into the P2X3
receptor. B ANAP-incorporated sites located in the 1α3β domain of P2X3-ICD and
the negative control site in the head domain, which are shown in sticks form for
emphasis. V143 is situated in the extracellular head domain of rP2X3 and is fully
exposed to the solution. C Representative images showing negative control cells
(without the addition of pANAP vector or L-ANAP) and positive cells (expressing
ANAP- rP2X3-YFP. Pseudo-color was employed for ANAP, and ANAP fluorescence
wasobserved inpositive cells but not in negative control cells.D–H Pooleddata (D)
and representative ANAP emission peak shifts (E–H) of ANAP from the cells
expressing ANAP-mutant rP2X3 receptors. The emission spectra in the absence
(control, Ctrl) and presence (ATP) of ATP are represented in black and blue,
respectively. Each open circle in the scatter plot represents an individual mea-
surement. Box plots indicate data distribution of the second and third quartiles

(box), median (line) and Min to Max (whiskers). n = 5 (rP2X3T364ANAP),
6 (rP2X3F358ANAP), 9 (rP2X3E363ANAP), 10 (rP2X3S15ANAP), 12 (rP2X3T9ANAP and rP2X3V361ANAP)
or 13 (rP2X3V143ANAP), *P <0.05 and **P <0.01, vs. rP2X3V143ANAP, two-side unpaired t
test, P =0.0075 (rP2X3T9ANAP), 0.2263 (rP2X3S15ANAP), 0.0251 (rP2X3F358ANAP), 0.0759
(rP2X3V361ANAP), 0.0044 (rP2X3E363ANAP), and 0.004 (rP2X3T364ANAP). I Sites of
covalent modification within the 1α3β domain (shown with stick for emphasis).
J, K Representative traces (J) and pooled data (K, mean ± S.E.M., n = 4
(rP2X3V361C/C3A), 5 (rP2X3V361C and rP2X3C3A), 6 (rP2X3WT) or 7 (rP2X3V16C)) to illustrate
the impact of MTSEA (1mM) on ATP (10 µM)-induced currents in both WT and
mutated rP2X3. This ratio signifies the ATP-induced current observed following
MTSEA treatment normalized by the ATP current measured before MTSEA
administration.
rP2X3V16C/C3A did not react to ATP (n.d.). Each open circle in the scatter plot repre-
sents an individual measurement. **P <0.0001 vs. WT; ##P <0.0001 vs. rP2X3C3A,
one-way ANOVA with Dunnett’s multiple comparisons test.
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attenuation of rP2X3V16C and rP2X3V361C’s ATP current by MTSEA is
caused by its disturbance of the ICD conformation.

Given the presence of free cysteine C3 in the P2X3 receptor, we
introduced additional C3A mutation in rP2X3V16C and rP2X3V361C. This
was taken to more effectively avoid the potential interference of
nonspecific covalent occupancy of the endogenous free sulfhydryl
group at C3. rP2X3V16C/C3A did not react to ATP, we therefore did not
continue the validation using MTSEA (Fig. 3K). Notably,
MTSEA’s application still reduced the ATP current of rP2X3V361C/C3A

(ratio after/before = 0.124 ±0.029, n = 4, P < 0.01, vs. WT, one-way ANOVA
with Dunnett’s multiple comparisons test, F (4, 22) = 60; Fig. 3K),
suggesting that the decrease in ATP current resulting from the cova-
lent occupancy of MTSEA on rP2X3V361C is not attributed to concurrent
covalent modification of the free sulfhydryl group of the residue C3.

The superposition of the P2X7 open and resting conformations
suggests that the ICD is not engaged in P2X gating (Supplementary
Fig. 1), implying that the intracellular domains of P2X3 and P2X7 may
exhibit distinct roles in channel activation. To test this idea, we per-
formed covalent occupancy at the corresponding sites of the P2X7 ICD
(rP2X7T19 and rP2X7I391, Supplementary Fig. 5A). Indeed, ATP-induced
currents were unaffected by the modification of MTSEA in rP2X7T19C

and rP2X7I391C (ratio = 0.812 ± 0.041, 0.987 ±0.077 and 0.925 ± 0.057
for rP2X7T19C, rP2X7I391C and rP2X7WT, respectively;P >0.05, vs.WT,one-
way ANOVAwith Dunnett’smultiple comparisons test, F (2, 12) = 1.665,
n = 4–6; Supplementary Fig. 5B, C).

Additionally, we performed covalent occupancy by introducing
free cysteine at identical sites of other P2X subtypes (Supplementary
Fig. 5A). Interestingly, MTSEA’s covalent occupancy at the corre-
sponding site in hP2X1 (ratio = 1.15 ± 0.08 and 1.01 ± 0.04 for hP2X1A371C

and hP2X1WT, respectively; P > 0.05, unpaired t test, n = 3–7; Supple-
mentary Fig. 5D, E), rP2X2 (ratio = 0.885 ±0.124, 0.979 ± 0.125 and
1.02 ±0.05 for rP2X2C9A/C430A, rP2X2V370C/C9A/C430A and rP2X2WT, respec-
tively; P >0.05, one-way ANOVA with Dunnett’s multiple comparisons
test, F (2, 11) = 0.5560, n = 3–7, Fig. S5F, G), and hP2X4 (ratio = 1.17 ±
0.10 and 1.04 ±0.04, for hP2X4V375C and hP2X4WT, respectively;
P >0.05, unpaired t test, n = 4–6, Fig. S5H, I), did not affect channels’
activation. Here, the purpose of introducingmutation in residues (e.g.,
rP2X2C9A/C430A) other than the corresponding one (e.g., rP2X2V370C) is to
abolish the nonspecific covalent occupancy of MTSEA by neutralizing
the endogenous cystine of P2X-ICD. Based on these data, it appears
that the P2X3 receptor’s ICD has an atypical structure or function
within the P2X family, setting it apart from P2X1, P2X2, P2X4, and
P2X7 subunits.

Engineered disulfide bonds incorporated into the ICD suggest
that the 1α3β domain in its apo state has undergone precisely
inward folding rather than unstructured outward folding
The observed differences in the P2X3-ICD compared to other P2X
subtypes (Supplementary Fig. 5) prompted us to investigate whether
there are significant differences in the three-dimensional architectures
of P2X3-ICD between its open and apo states. By comparing the crystal
structures of P2X3 in its open and apo states, an assumption has been
made regarding the apo or inhibitor-bound resting state of the ICD in
hP2X344,45, which may exhibit unstructured outward folding (Fig. 1A).
On the other hand, the finely folded ICD of rP2X7 remains unchanged
in both its apo and open states45 (Supplementary Fig. 1). Furthermore,
we employed the COOT and PHENIX software tools (see Methods) to
refine the hP2X3-ICD structure in the resting state with the bound
inhibitor AF-219 (Supplementary Fig. 2A). Based on the electronic
density, eight amino acids (13-PKVIVVKS-20) were added to the
N-terminal of the improved structure. Remarkably, all newly added
N-termini are folded inward (Fig. 1C and Supplementary Fig. 2B), which
is compatible with the P2X3 open structure’s N-terminal orientation
(Fig. 1B). When view collectively, these results further cloud our

understanding of the true three-dimensional structure of apo
P2X3-ICD.

To better elucidate this point, we built engineered disulfide bonds
in the ICD (Fig. 4A) based on the open conformation of rP2X3 (the ICD
is a disorder region in the apo crystal structure of P2X344). If the
designed disulfide bonds can spontaneously form in the absence of
ATP, it implies that the conformation of the ICD of P2X3 in the apo
state is not loosely folded but rather resembles the open state of P2X3
or the apo/open conformation of P2X7. We chose S15 and F358 of the
ICD for engineered disulfide bond introducing due to their 6.3 Å Cβ-Cβ

distance in the open state (Fig. 4A), which is close to the Cβ-Cβdistance
of 5.5 Å in natural disulfide bond55. Non-reducing gel analysis of
rP2X3S15C/F358C revealed more distinct trimerization bands than β-Me
treatment (Fig. 4B). As controls, rP2X3WT, rP2X3S15C and rP2X3F358C did
not display any trimerization bands regardless of whether they were
treated with β-Me or not (Fig. 4B). These results demonstrate that the
Cβ-Cβ distance between rP2X3S15 and rP2X3F358 is close enough when
they are at apo state. Because rP2X3S15 and rP2X3F358 are located on two
rigid β-sheet structures (Fig. 4A), their proximity suggests that the ICD
may be in a well-folded state, as opposed to the disordered N- and
C-termini found in structural studies44.

Furthermore, the addition of 0.3% H2O2, which resulted in an
increasednumber of disulfidebondsbeing formed in rP2X3S15C/F358C, led
to an decrease in the 10μM ATP-induced P2X3 activation, and this
effect was reversed by 10mM DTT (ATP current ratio
(DTT/H2O2) = 2.36 ±0.23, 0.958± 0.086, 1.01 ± 0.11 and 0.857 ±0.063
for rP2X3S15C/F358C, rP2X3S15C, rP2X3F358C and rP2X3WT, respectively,
P <0.01, rP2X3S15C/F358C vs. WT, P >0.05, rP2X3S15C and rP2X3F358C vs.
rP2X3WT, one-way ANOVA with Dunnett’s multiple comparisons test, F
(3, 21) = 17.28, n = 4–10; Fig. 4C, D). Furthermore, DTT and 0.3% H2O2

treatments did not affect the apparent affinity of ATP in both WT and
rP2X3S15C/F358C (the concentration of ATP that produces half of the
maximum response (EC50) in rP2X3S15C/F358C = 0.182 ± 0.036 and
0.117 ± 0.038μM, with DTT and H2O2 treatments, nh = 1.15 ± 0.39 and
1.03 ±0.21, respectively, P =0.4554, comparison of fits with extra sum
of squares F test, F (1, 43) = 0.5675, n = 3–5; the EC50 in rP2X3 WT=
0.364 ± 0.083 and 0.247 ±0.084μM, for with DTT and H2O2 treat-
ments, nh = 0.85 ± 0.24 and 1.04 ±0.40, respectively, P = 0.0915,
F (1, 42) = 2.982, n = 3–5, Fig. 4E). This suggests that the impact of the
engineered S15C/F358C disulfide bonds is on the conformational
change in the 1α3β domain of P2X3’s ICD, rather than altering the
apparent ATP affinity. These findings imply that the P2X3 receptor’s
ICD in the apo state is similar to that in the open state, but slightly
different because disulfide bond formed under oxidizing conditions
reduced channel function of P2X3.

In the absence of ATP, covalent occupancy in V16 by MTSEA
alters the ANAP emission peak of rP2X3V16C/R356ANAP

Further evidence of the closeness of R356 and V16 at the apo state was
established through changing the fluorescence of ANAP in the absence
of ATP by introducing ANAP at R356 and replacing V16 with Cys
(rP2X3V16C/R356ANAP, Fig. 4F). Treatment with MTSEA (1mM) did not or
only induced mild fluorescence changes in rP2X3R356ANAP (P = 0.9545,
after MTSEA’s treatment vs. before, two-way ANOVA with Sidak’s
multiple comparisons test, F (1,81) = 6.271, n = 16; Fig. 4G,H), indicating
that nonspecific covalent modification in endogenously expressed
membrane proteins of HEK293T cells and intracellular aggregation of
positively charged MTSEA would not cause alterations in the ANAP
spectrum. In contrast, rP2X3V16C/R356ANAP had a considerable shift in
ANAP’s maximum absorption wavelength before and after MTSEA
administrations (P =0.0041, rP2X3V16C/R356ANAP vs. rP2X3R356ANAP, two-way
ANOVA with Sidak’s multiple comparisons test, F (1, 81) = 6.271, n = 26,
Fig. 4G, I). This indicates that the N- and C-terminals of P2X3 are finely
organized rather than disordered in the apo state.
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PSFL77, a novel enhancer of rP2X3, may function at the 1α3β
domain of rP2X3
Next, we discovered small molecules that specifically target the 1α3β
domain of P2X3, and we used these molecules to modulate P2X3’s
physiological and pathological functions. Notably, amino acid muta-
tions in the interface at the N- and C-termini significantly altered the
desensitization and current amplitude of the P2X receptors56–58. Con-
sequently, regarding the identification of novel molecules, we are
particularly interested in small compounds that are capable of mod-
ulating P2X3 desensitization and are of a small molecular size that
allows them to cross membranes effortlessly. With this in mind, we
discovered that the chemical 3,4-dihydroxybenzaldehyde (Fig. 5A),
whichwe named PSFL77, could greatly increase ATP currents and slow

down the desensitization of P2X3 (Fig. 5B, C). PSFL77 increased the
ATP current of P2X3 by a factor of two, which we designated one of as
R1 (Fig. 4B), the ratio of the ATP current after PSFL77 treatment to the
current before treatment. Another parameter, denoted as R2 (Fig. 5C),
indicates the extent of channel desensitization. It is defined as the ratio
of the current at 1 s after reaching the maximum current to the max-
imal current. Notably, for PSFL77, the altered EC50 of increasing cur-
rent R1 was 6.45 ± 1.57μM at 0.1μM ATP and 7.49 ±0.19μM at 10μM
ATP (nh = 1.61 ± 0.71 and 1.50 ±0.06), whereas the EC50 of R2 was
2.15 ± 1.69μMand 2.59 ± 2.21μMat 0.1 and 10μMATP (nh = 2.00 ± 1.64
and 2.00 ± 2.85), respectively (Fig. 5B, C). The EC50 values for PSFL77 at
0.1μM ATP and 10μM ATP for its functions as an enhancer and
desensitization regulator were nearly identical, indicating that the

Fig. 4 | Unveiling P2X3 receptor ICD architecture in apo and open states via
engineered disulfide bonds and VCF analysis in the absence of ATP. A Location
of engineered disulfide bonds within the 1α3β domain of P2X3-ICD. B The S15C-
F358C intersubunit disulfide bond formation identified using non-reducing gel
analysis. The experiment was repeated thrice with similar results.
C, D Representative current traces (C) and pooled data (D) recorded from trans-
fected cells containing either the mutant or WT P2X3 receptors. H2O2 (0.3%) and
dithiothreitol (DTT, 10mM) were employed to facilitate and disrupt the disulfide
bond, respectively. The ratio compares the current generated by ATP (10 µM) fol-
lowingDTT treatment toH2O2 treatment. Everymeasurement is represented by the
scatter of the open circles. Data are expressed as mean ± S.E.M. n = 4 (rP2X3F358C),
5 (rP2X3S15C), 6 (rP2X3WT) or 10 (rP2X3 S15C/F358C), **P <0.0001 vs. rP2X3WT, one-way
ANOVA with Dunnett’s multiple comparisons test. E ATP concentration-response

curves for rP2X3WT and rP2X3S15C/F358C after the treatment of H2O2 or DTT. Data are
expressed as mean ± S.E.M. n = 5 (0.03, 0.1, 0.3, 1, 3 and 10μM) independent cells
for rP2X3WT-H2O2, n = 4 (0.03, 0.1, 0.3 and 10 μM), or 3 (1μM) independent cells for
rP2X3WT-DTT, n = 3 (0.03, 0.1, and 0.3μM), or 5 (1, 3 and 10μM) independent cells
for rP2X3S15C/F358C-H2O2, n = 4 (0.03, 0.1, 0.3, 1 and 3μM), or 3 (10μM) independent
cells for rP2X3S15C/F358C-DTT. F A schematic showing how residue 356’s ANAP emis-
sion peak shifts as a result of chemicallymodifying rP2X3V16C in the absence of ATP.
G–I Effects ofMTSEA (1mM)-treatment on ANAP fluorescence. Pooled data (G) and
representative emission peak shifts of ANAP from the cells expressing rP2X3R356ANAP

(H) and rP2X3V16C/R356ANAP (I). Each pair of connected open circles in the scatterplot
signifies a single measurement in the before-and-after comparison. n = 16
(rP2X3R356ANAP) or 26 (rP2X3V16C/R356ANAP), *P =0.0214 and **P =0.0041, two-wayANOVA
with Sidak’s multiple comparisons test.
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efficacy of PSFL77 is independent of ATP concentration. Nevertheless,
the EC50 of PSFL77 enhancing (R1) and desensitizing alterations (R2)
differed by approximately 3–5-fold at the same ATP concentration
(Fig. 5B, C). In addition toPSFL77,weexamined 12 other chemicalswith
similar structures (Supplementary Fig. 6A). 2,3-dihydrox-
ybenzaldehyde and methyl caffeate were the other two effective ones
(Supplementary Fig. 6B). PSFL77, 2,3-dihydroxybenzaldehyde and
methyl caffeate hadR1 values of 2.75 ± 0.31, 2.87 ± 0.27 and 1.64 ±0.23,
and R2 values of 0.939 ± 0.0123, 0.940 ±0.009 and 0.938 ± 0.014
(Supplementary Fig. 6C, D), respectively, indicating a significant
impact on the P2X3 current amplitude and channel desensitization.
Among them, PSFL77 was chosen as the chemical tool for subsequent
action site analysis and functional validation.

Furthermore, we assessed the influence of PSFL77 on each of the
seven subtypes of P2X receptors, excluding the two non-functional
subtypes, namely P2X5 and P2X6. The lack of effect of PSFL77 even at
100μM for hP2X1, rP2X2, hP2X4, and rP2X7 (ratio = 1.14 ± 0.05,
0.912 ± 0.059, 1.08 ±0.07, and 0.950± 0.045, respectively, n = 4–8;

Fig. 5D) indicates that PSFL77 is a P2X3-selective positive allosteric
modulator.

With this knowledge, we can validate whether PSFL77 acts
directly at the 1α3β domain of the ICD. PSFL77 (100 μM) exhibited
its activity when applied directly on the intracellular side (Fig. 5E),
suggesting that PSFL77 may act on P2X3’s ICD. Furthermore, if
PSFL77 works solely through stimulating the 1α3β domain, a typical
PSFL77 response could be transferable from P2X3 to P2X2 subtypes,
where PSFL77 is ineffective (Fig. 5D). Hence, we generated two
chimeras using rP2X2 and rP2X3 (Fig. 5F): CH1, consisting of rP2X2’s
ICD and rP2X3’s TMD and extracellular domain (ECD), and CH2,
composed of rP2X2’s ECD and TMD, and rP2X3’s ICD. Indeed, CH2
had the same effect as rP2X3WT (R1 = 3.22 ± 0.76, n = 5), but CH1 did
not have any effect at all (R1 = 1.06 ± 0.06, n = 7; Fig. 5G, H). Addi-
tionally, PSFL77’s EC50 (R1) for chimeric CH2 action was nearly
identical to that of rP2X3 (3.86 ± 0.34 μM, nh = 4.29 ± 1.30, n = 3–5,
Fig. 5I). These data collectively suggested that the ICD of rP2X3 may
be the action site of PSFL77.

Fig. 5 | PSFL77, a newly discovered P2X3 enhancer, may exert its effects at a
specific site within ICD of P2X3 receptors. A Chemical structure of PSFL77.
B Concentration-response curves showing effects of PSFL77 on the current
amplitude of P2X3 induced by 0.1μM or 10μM ATP. The y axis signifies the nor-
malized fold of current increase, calculated as the ratio of the current observed
with PSFL77 to that recorded without PSFL77. Data are expressed as mean ± S.E.M.
n = 6 (1, 3 and 10μM), or 5 (30 and 100μM) independent cells for 10μMATP, n = 4
(1, 3, 10, 30 and 100μM) independent cells for 0.1μM ATP. C Concentration-
response curves employed to illustrate the influence of PSFL77 on the desensiti-
zation of P2X3 receptors at 0.1μM or 10μM ATP. The y axis shows the altered
normalized ratio, calculated by dividing the current at 1 s after reaching the max-
imum by the maximum current amplitude. Data are expressed as mean ± S.E.M.
n = 6 (1, 3 and 10μM), or 5 (30 and 100μM) independent cells for 10μMATP, n = 4
(1, 3, 10, 30 and 100μM) independent cells for 0.1μMATP.D Pooled data showing
the effects of PSFL77 (100μM) on P2X3, P2X1, P2X2, P2X4 and P2X7 receptors. The
y axis indicates the fold increase in current induced by PSFL77, with each open

circle representing an individual measurement (mean ± S.E.M., n = 5 (P2X1, P2X2,
P2X4 and P2X7) or 8 (P2X3). EApplication of PSFL77 (100 μM)via patch pipettes on
rP2X3 receptors. Consistent traces across three repetitions were obtained.
F Schematicdiagram illustrates the strategy employed for constructing chimeras of
rP2X2 and rP2X3. G, H Representative current traces (G) and summarized data (H)
to show the effect of PSFL77 (100μM) on ATP (10μM)-induced activation of the
rP2X2/rP2X3 chimeras. The scatter of each open circle represents an individual
measurement (mean ± S.E.M., n = 5 (rP2X2WT and CH2), 7 (CH2) or 8(rP2X3WT)),
**P <0.01 vs. rP2X3WT; #P <0.05 vs. rP2X2WT, one-wayANOVAwithDunnett’smultiple
comparisons test, P =0.0050 (rP2X2WT vs. rP2X3WT), 0.0044 (CH1 vs. rP2X3WT), and
0.0016 (CH2 vs. rP2X2WT). Data from WT P2X3 in D were replotted in H for com-
parison. IConcentration-response curve of PSFL77 on the current amplitude of the
chimera CH2 activated by 10 μM ATP. The y axis shows the normalized current
increase, derived from the ratio of ATP- current with and without PSFL77. Data are
expressed as mean ± S.E.M. n = 4 (1, 3, 10, 30 and 100μM) independent cells
for CH2.
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To reinforceourfindings,we inducedpointmutations into certain
amino acids of the 1α3β domain (Fig. 6A). Among these, rP2X3 showed
inactivity against ATP in rP2X3T12A, rP2X3V16A and rP2X3Y353A mutants
(Fig. 2D), precluding further validation of the PSFL77 effect. Notably,
rP2X3R356A mutation caused PSFL77 functionally inactive
(R1 = 0.820 ± 0.078, P =0.0006, vs. rP2X3WT, unpaired t test, n = 5,
Fig. 6B, C). The potency of PSFL77 was significantly reduced on
rP2X3V16I (R1 = 1.67 ± 0.17, P = 0.0114, vs. rP2X3WT, unpaired t test, n = 7),
while it was notably enhanced on rP2X3V18A (R1 = 16.7 ± 3.7, P =0.0014,
vs. rP2X3WT, two-side unpaired t test, n = 7) and rP2X3Y353W

(R1 = 10.2 ± 2.2, P =0.0013, vs. rP2X3WT, two-side unpaired t test, n = 5),
when they are compared to that of rP2X3WT (R1 = 2.75 ± 0.31,
n = 8; Fig. 6C).

Further validation of the apparent affinity of PSFL77 was con-
ducted with these mutations, revealing a 2–15-fold reduction in
potency in enhancing ATP current of rP2X3V18A, rP2X3Y353W and
rP2X3V361A (EC50 (R1) = 108 ± 38, 13.5 ± 2.9 and 18.8 ± 1.4μM for them,
nh = 0.81 ± 0.12, 4.62 ± 3.25 and 2.25 ± 0.35, respectively, n = 3–5).
rP2X3V16I (6.99 ± 1.97μM (R2), nh = 1.52 ± 0.48) and rP2X3V361A

(7.58 ± 3.36μM (R2), nh = 1.71 ± 0.71) altered desensitization by a 3–4-
fold rightward shift in the EC50 of PSFL77 (Fig. 6D, E). Notably, in the
resting state, the 1α3β domain is relatively relaxed and unstructured,
causing rP2X3V16I to have a minor impact on PSFL77 functionality, with
only a slight modification in current magnitude (R1) (Fig. 6D).

Conversely, in the open state, the 1α3β domain adopts a more tense
conformation, allowing rP2X3V16I to significantly influence PSFL77,
leading to a marked rightward shift in the affinity of R2 (Fig. 6E),
reflecting thedegreeof desensitization. Thesefindings, combinedwith
the observation that R356A abolished the enhancing effect of PSFL77
on P2X3, suggest that PSFL77 may interact with the 1α3β domain,
specifically at R356, V16, V361 and Y353.

PSFL77 possibly acts on both the open and resting states of
rP2X3, affirming the similarity in the three-dimensional archi-
tectures of the ICD in these two states
As shown above (Fig. 5B, C), the results imply a subtle distinction in
how PSFL77 influences both current amplitude and desensitization
mechanisms. Examining the role of PSFL77 at the unitary current of
P2X3, it was found that it not only significantly prolonged open
duration and increased the channel open probability (Supplementary
Fig. 7A–D) but was also able to increase the unitary current amplitudes
from 0.710 ±0.032 pA to 1.22 ± 0.07 pA (P = 0.0021, unpaired t test,
n = 3–4; Supplementary Fig. 7E). These findings indicate that, in the
absenceof PSFL77, the channel rapidly closes uponopening, leading to
macroscopic current desensitization. Conversely, PSFL77 enhances
unitary current conductance and opening probability, thereby ampli-
fying the current response. Furthermore, prolonged open duration
stabilizes the channel in its open state, delaying the transition to

Fig. 6 | Role of key residues in the PSFL77-recognition within the 1α3β domain
of P2X3-ICD. A Possible acting mode of PSFL77 within the1α3β domain of P2X3-
ICD. B, C Representative current traces (B) and pooled data (C) showing the effect
of PSFL77 (100μM) on WT rP2X3 and its mutants. The y axis denotes the fold
increase in current induced by PSFL77, with each open circle on the scatter plot
representing an individual measurement (mean ± S.E.M., n = 3 (rP2X3E363A),
5 (rP2X3V361A, rP2X3R356A and rP2X3Y353W), 7 (rP2X3V16I, rP2X3V18A and rP2X3H352A) or 8
(rP2X3WT)). *P <0.05 and **P <0.01 vs. rP2X3WT, two-side unpaired t test, P =0.0114
(rP2X3V16I), 0.0014 (rP2X3V18A), 0.0006 (rP2X3R356A), and 0.0013 (rP2X3Y353W).
D Concentration-response curves of PSFL77 on the current amplitude of WT rP2X3
and its mutants induced by 10μM ATP. The y axis signifies the normalized fold of
current increase, expressed as the ratio of the current in the presence of PSFL77 to
that in the absence of PSFL77. Data are expressed as mean ± S.E.M. n = 5 (0.3 and
100μM), 6 (3 and 30μM) or 7 (1 and 10μM) independent cells for rP2X3V16I. n = 3
(1, 3, 10, 30, 100 and 300 μM) independent cells for rP2X3V18A. n = 5 (1, 3, 10 and
100μM), or 4 (30μM) independent cells for rP2X3V19A. n = 4 (1, 10, 30 and 100 μM),

or 3 (3μM) independent cells for rP2X3V361A. n = 4 (1, 3 and 30μM), or 6 (10μM and
100μM) independent cells for rP2X3Y353W. E Concentration-response curves of
PSFL77 to show the impact of PSFL77 on the delay of desensitization in P2X3
induced by 10μMATP. The y axis signifies the normalized ratio, derived bydividing
the current at 1 s after reaching the maximum current by the maximum current.
Curve fitting was performed using solid lines in accordance with theHill 1 equation
(mean ± S.E.M., n = 5 (0.3μM), 6 (3 and 30μM) or 7 (1, 10 and 100μM) independent
cells for rP2X3V16I. n = 3 (1, 3, 10, 30, 100 and 300μM) independent cells for
rP2X3V18A. n = 5 (1, 3, 10 and 100μM), or 4 (30 μM) independent cells for rP2X3V19A.
n = 4 (1, 10, 30 and 100μM), or 3 (3μM) independent cells for rP2X3V361A. n = 3
(1μM), 4 (3 and 30μM), or 5 (10μMand 100μM) independent cells for rP2X3Y353W).
F Effects of PSFL77 on the concentration-response curve of ATP in P2X3 receptors.
Solid lines were fitted to the Hill 1 equation (mean ± S.E.M., n = 6 (3 and 10μM) or 7
(0.03, 0.1, 0.3 and 1μM) independent cells for ATP only, n = 3 (1μM), 5 (0.01, 0.03,
0.1 and 0.3μM) or 6 (0.003μM) independent cells for ATP+ PSFL77).
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desensitization and reducing macroscopic current desensitization.
Our findings suggest a sequential role for PSFL77: it initially acts in the
resting state, subsequently regulates ATP-induced conformational
changes in the transmembrane region, and enhances channel con-
ductance. When the channel is fully open, PSFL77 binding in the ICD
may stabilize it in the open state, thereby prolonging the duration of
openness (see below, Fig. 8).

Moreover, stimulation with 10 nM or 30 nM ATP in solution
failed to induce P2X3 activation, whereas PSFL77 successfully eli-
cited P2X3 receptor responses to 10 nM or 30 nM ATP (Fig. 6F).
Accordingly, there was a rightward shift in the ATP concentration-
response curves caused by PSFL77 (EC50 = 0.048 ± 0.005 μM and
0.271 ± 0.065 μM for 100 μM and no PSFL77 applications,
nh = 3.17 ± 0.67 and 1.19 ± 0.24, respectively; Fig. 6F). Our data
indicate that PSFL77’s influence on P2X3 function is not limited to
the fully open state of P2X3, but that it can also function in P2X3’s
resting or certain substates. Notably, the Hill coefficient differs
between the ATP and ATP + PSFL77 curves (Fig. 6F), increasing from
approximately 1–2 to around 3. The P2X receptor, a trimeric channel
with three independent ATP binding sites59, typically activates with
ATP binding to just two of these sites60,61. PSFL77 may modulate the
intracellular 1α3β domain, affecting cooperative interactions
among these sites. However, further studies are needed to elucidate
the specific mechanism of this modulation. Thus, for PSFL77 to
bind, the 1α3β domain should be folded similarly across various

states, including the apo state; without this uniformity, PSFL77
could not effectively bind at different states.

PSFL77 causes nociception in P2rx3+/+, but not in P2rx3−/−, mice
Finally, we evaluated PSFL77’s in vivo regulatory effects on P2X3
function. Given the abundance of P2X3 receptors in dorsal root ganglia
(DRG) neurons and their association with nociception62–64, we study
effects of PSFL77 on pain sensations in both P2rx3+/+ and P2rx3−/− mice
(Fig. 7A, B). Without separating the males from the females, the mice
were split into three groups: the vehicle group (3.33‰DMSO + saline),
the group administered 10μM AF-353 (AF-353), and the group receiv-
ing 300μM PSFL77 (PSFL77).

The nociceptive sensitivity in mice was examined by Von Frey test
(Fig. 7A), and the mean paw withdraw threshold (PWT) was roughly
similar in all three mouse groups (2.89 ±0.12, 2.76 ±0.09, and
2.82 ± 0.10, respectively, Fig. 7B). Following the intrathecal injection of
10μL of 300μM PSFL77, mice exhibited a notable increase in noci-
ceptive sensitivity. After 10min, PWT dropped to 1.53 ± 0.13 g
(P < 0.001 vs. vehicles, two-way ANOVA with Dunnett’s multiple com-
parisons test, F (33, 300) = 6.834, n = 10), and then it slowly rose again.
There was still a small effect after 150min (2.34 ±0.12 g, P =0.0004 vs.
vehicles, two-way ANOVA with Dunnett’s multiple comparisons test, F
(33, 300) = 6.834).

This nociceptive effect was decreased by 10μMAF-353, a specific
P2X3 inhibitor65, and knocking out of the P2rx3 gene resulted in the

Fig. 7 | PSFL77 is capable of causing hypersensitivity to pain in P2rx3+/+, but not
in P2rx3−/−, mice. A An illustration of the von Frey test procedure in mice. B Effects
of PSFL77 on the mechanical withdrawal threshold in P2rx3+/+ and P2rx3−/− mice.
Data are presented as mean ± S.E.M. (n = 6 (Vehicle P2rx3+/+ and AF-353 P2rx3+/+),
7 (PSFL77 P2rx3−/−), or 10 (PSFL77 P2rx3+/+). * P <0.05 and ** P <0.01 vs. vehicle
P2rx3+/+, two-way ANOVA with Dunnett’s multiple comparisons test, P =0.0039
(10min), 0.0196 (20min) for AF-353 P2rx3+/+, P <0.0001 (10, 20, 30, 45, 60, 75, 90,

105 and 120min), 0.0004 (150min), and 0.0446 (180min) for PSFL77 P2rx3+/+.
C Representative images depicting cells expressing rP2X2-pIRES-eGFP and rP2X3-
pIRES-mCherry, with pseudo-colors assigned to eGFP (green) and mCherry (red).
D, E Representative current traces (B) and pooled data (C) showing the effect of
PSFL77 (100μM) on rP2X2/3 heterotrimers (mean ± S.E.M., n = 4 (rP2X2/3),
5 (rP2X2) or 8 (rP2X3). * P =0.0121 and ** P =0.0008 vs. rP2X2WT, two-side
unpaired t test).

Article https://doi.org/10.1038/s41467-024-51815-7

Nature Communications |         (2024) 15:7652 9

www.nature.com/naturecommunications


loss of PSFL77 activity (Fig. 7B). Serving as a control, a higher pain
threshold and analgesia were observed at 10–20min after adminis-
tering an injection of the same concentration of AF-353 alone
(3.32 ± 0.13, and 3.23 ± 0.06 g for 10min and 20min, respectively,
P <0.05, vs. vehicles, two-way ANOVA with Dunnett’s multiple com-
parisons test, F (33, 300) = 6.834, n = 6, Fig. 7B). Additionally, injection
of the same volume solvent (3.33‰ DMSO + saline) had no effect on
PWT of mice (n = 6, Fig. 7B).

Previous studies have highlighted the pivotal roles of both P2X3
monomeric receptors and P2X2/3 heteromeric receptors in pain
sensation66. To evaluate PSFL77’s impact on P2X2/3, we co-transfected
rP2X2-pIRES-EGFP and rP2X3-pIRES-mcherry using a validated het-
erotrimers expression method32, allowing simultaneous visualization
of cells expressing both fluorophores (Fig. 7C). Confirmation that
recorded currents originated from P2X2/3 was based on their desen-
sitization kinetics and selective inhibition by AF-353 (Fig. 7D). Notably,
PSFL77 significantly potentiated P2X2/3 heterotrimers (ratio = 1.78 ±
0.29, P =0.0121, vs. rP2X2, unpaired t test, n = 4, PSFL77 100μM;
Fig. 7E), implicating its role in pronociceptive effects involving both
P2X3 homotrimers and P2X2/3 heterotrimers. This effectwas absent in
P2rx3−/− animals, confirming the involvement of the 1α3β domain,
which encompasses both P2X2 and P2X3. These findings underscore
PSFL77’s modulatory potential in pain sensation through both recep-
tor types and suggest allosteric modulation of the 1α3β domain under
physiopathologic conditions. However, the presence of endogenous
substances targeting P2X3 homotrimers or P2X2/3 heterotrimers akin
to PSFL77, and their mode of modulation on P2X receptor function,
remain unclear.

Discussion
The ICD of ion channels plays a crucial role in their activity and
regulation1,2,10. In the case of the P2X3 receptor, its ICD consists of N-
and C-terminals. Structural studies suggest that the ICD of the P2X3

receptor forms a “cytoplasmic cap” when the channel is in an open
state44. However, the assembly of the ICD in the apo state of P2X3
remains unclear44,45. We demonstrated that the P2X3 receptor’s ICD is
important for channel activation. Furthermore, we suggest that, the
assembly of the P2X3 receptor’s ICD in the apo state follows a pattern
comparable to, but slightly different from, the open state. Our findings
indicate that the P2X3 receptor’s ICD contains intracellular allosteric
sites. Moreover, PSFL77 acts at this site tomodify nociception in mice,
suggesting an allosteric mechanism that could be implicated in P2X3
receptor function regulation.

Our identification of an ICD assembly mode in the apo state of
rP2X3 that differs from the structural studies is supported by the evi-
dence listed below (Fig. 8). First, in the apo state, S15 and F358 exhibit
close proximity, facilitating the spontaneous formation of a disulfide
bondbetweenC15 andC358 in rP2X3S15C/F358C (Fig. 4B). Secondly, due to
the nearproximity of V16 andR356at the apo state, theANAP emission
spectrum shift of rP2X3V16C/R356ANAP is going to be impacted by the
covalent modification by MTSEA at V16C (Fig. 4G–I). Third, our pre-
viously determined crystal structure of the P2X3 receptor in complex
with AF-219/gefapixant shows a distribution of electron density in the
ICD (Fig. 1C and Supplementary Fig. 2). Furthermore, the N-terminal’s
electron density in the hP2X3/gefapixant complex is comparable to
that of the P2X3 receptor’s N-segment in the open state (Fig.1C and
Supplementary Fig. 2B). Fourth, despite conformational differences,
PSFL77 can function in both the open and resting states, suggesting
that the N- and C-termini of P2X3 have comparable three-dimensional
structures in both states (Fig. 6). If the apo state features a loosely
folded outward ICD, PSFL77 binding would be hindered. Although
there is a possibility of PSFL77 binding to distinct pockets in both the
open and apo states, the likelihood is diminished by the observation
that R356A mutation abolishes both functions of PSFL77 on the apo
(R1) and open states (R2) (Fig. 6B, C). Moreover, both the mutation
affecting the enhancing effect of PSFL77 (R1) and desensitization (R2)

Fig. 8 | A schematic illustration of the ICD architecture of the P2X3 receptor in
various states. Contrary to what structural investigations have found, we suggest
that even in the apo state, the N- and C-termini are still folded inward and near to
one other, just like in the open state, but with a less rigid three-dimensional
architecture. In the presence of PSFL77, the “cytoplasmic cap”/1α3β of the ICD

remains in a stable open conformation, sustaining the increased pore radius of the
channel via influencing the conformation of the transmembrane domain. The
facilitation of the channel opening by PSFL77 may play a role in modulating pain
perception.
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are within the same allosteric site (Fig. 6D, E). The disparity observed
between our findings and those of crystal structural studies could be
clarified in the following way: In the structural determinations, the
ordered open structure suggests that the N- and C-terminals are in a
relatively thermodynamically stable state. In contrast, the apo state
exhibits a thermodynamically unstable conformer, leading to a dis-
ordered ICD. Nevertheless, the available evidence supporting the
notion of a distinction in the assembly of N- and C-terminals between
the apo and open states may not be robust. This perspective is rein-
forced by the structural studies of P2X7, where the three-dimensional
structures of the corresponding regions in the apo and open states are
nearly identical45.

Different P2X receptor subtypes have unique ICD primary
sequences, which contribute to subtype differences in activation or
regulation. This variety offers a chance to find drugs that are spe-
cially targeted by each P2X subtype67. We identified the novel
subtype-selective allosteric modulator, PSFL77, which effectively
enhanced ATP currents and delayed channel desensitization (Fig. 5).
To the best of our knowledge, this marks the first instance of an
intracellular allosteric site and regulatory small molecule for the
P2X3 receptor. PSFL77 exhibited subtle distinct affinities for both
increasing the maximum current and delaying desensitization
(Fig. 5B, C), suggesting potential action through two separate
mechanisms. Nevertheless, despite their distinct characteristics,
both mechanisms function within the identical site (Fig. 6D, E). This
emphasizes the complex interplay between the ICD of P2X3 and the
TMD. Such interplay suggests the potential for diverse and more
efficient regulatory mechanisms, offering an avenue for modulating
P2X function in different physiopathological conditions. Notably,
the conserved phosphorylation site T18 in the P2X2 receptor cor-
responds to T12 in the P2X3 receptor68, both located within our
proposed allosteric site. This suggests that this site could poten-
tially serve as a structural basis for endogenous substances to
modulate P2X3 receptor function, although further exploration is
required. The identification of other endogenous intracellular
substances, regulatory proteins, or post-translational modifications
of the P2X receptor ICD may unveil its physiopathological activities
in the future.

In summary, we have presented an ICD assembly model that
clarifies the P2X3 receptor’s apo conformation and illuminates its role
in the P2X3 gating mechanism. We also emphasized the role that an
intracellular allosteric site plays in regulating the physiological and
pathological functions of the P2X receptor.

Methods
Ethics
The study was approved by the ethics committee of the China Phar-
maceutical University.

Cell culture and transfection
TheHuman Embryonic Kidney 293 cells (HEK293) were procured from
theCell Bank at the Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences. The cells were cultured with DMEM (Corning)
containing 10% FBS (PAN), 1% Glutamax (Gibco), and 1% penicillin/
streptomycin (HyClone) at 37 °C under 5% CO2 atmosphere. The
plasmids of rP2X2, rP2X3, hP2X4, and rP2X7 were generously supplied
by Drs. Alan North and Lin-Hua Jiang. The cDNA of hP2X1 was syn-
thesized from JiKai Gene and subcloned into the pcDNA3.1 vector. All
mutations were introduced using QuikChange mutagenesis kit and
subsequently verified by DNA sequencing. Chimeras were generated
using theClonExpress IIOne StepCloningKit (Vazyme). Bothwild-type
and mutant plasmids were transfected into HEK293 cells by calcium
phosphate transfection69.

Patch-clamp electrophysiology
Both the perforated patch clamp and whole-cell patch clamp were
employed in this study70. Experimentswere conducted 24 to 48 h post-
transfection at room temperature (25 ± 2 °C). Patch pipettes were
pulled from glass capillaries using a two-stage puller (PC-100, Nar-
ishige, Japan) and had a resistance ranging from 3 to 5megaohms. The
extracellular solution consisted of 150mM NaCl, 5mM KCl, 10mM
glucose, 2mM CaCl2, 10mM HEPES, and 1mM MgCl2, with the pH
adjusted to 7.35–7.40. The intracellular solution contains 120mM KCl,
30mM NaCl, 0.5mM CaCl2, 1mM MgCl2, 10mM HEPES, and 5mM
EGTA, with the pH ranging from 7.2 to 7.4 used in the whole-cell patch
clamp, while contains 75mM K2SO4, 55mM KCl, 5mMMgSO4, 10mM
HEPES, and pH 7.2 used in the perforated patch clamp. The data were
acquired using an Axopatch 200B (Molecular Devices) in conjunction
with a Digidata 1550B digitizer (Molecular Devices). Prior to data
acquisition, the amplifier was set to a holding potential of −60mV.
Signals were sampled at 10 kHz and filtered at 2 kHz. To prevent
channel desensitization, ATP was administered at intervals of
8–10min. Single-channel recordings were conducted using the
outside-out configuration. Recording pipettes, pulled from bor-
osilicate glass (World Precision Instruments, Inc.) and fire-polished,
had a resistance of 8–12 megohms. The holding potential was set at
−80mV. The extracellular and intracellular solutions used were the
same as those employed in whole-cell recordings. For single-channel
recordings, the signals were sampled at 50kHz with a 2 kHz filter, and
low-pass filtered at 200Hz. Clampfit software (Molecular Devices) was
used for analysis of the data.

Refinement of the crystal structure of P2X3 in complex with
AF-219
Building upon the determined hP2X3 structure featuring bound inhi-
bitor AF-219 (PDB: 5YVE), a refined hP2X3-ICD structure at the resting
state was generated through molecular addition using the COOT
software package71. Based on the original density, 8 amino acids
(13-PKVIVVKS-20)were introduced at theN-terminus of themodel. The
rest of the protein model remained the same as the original. Sub-
sequent refinement cycles with PHENIX contributed to the improve-
ment of the new structural model72. The R-work/R-free values for the
final ligand-free model stand at 0.2467/0.3247, showing a slight
improvement compared to the original model’s 0.235/0.296. It is
noteworthy that the electron density of the ICD is relatively low, but
given that the original model’s values were already close to 0.3, this
minor increase is considered acceptable.

Membrane ANM analysis
Explicit Membrane ANM (membrANM) is a method employed to
investigate the overall conformational dynamics of membrane pro-
teins in the presence of a lipid bilayer73,74. In this study, the position of
the membrane, which is composed of POPC, is determined using the
OPM website (https://opm.phar.umich.edu/)75. A total of 20 models
were generated using ProDy76. The cross-correlation coefficient Cij of
residue pairs was calculated by the Eqs. (1) and (2):

Δri � Δrj
D E

= kBT
X3N�6

k = 1

aikajk= v2km
1=2
i m1=2

j

� �
ð1Þ

Cij = Δri � Δrj
D E

= Δri � Δri
� �

Δrj � Δrj
D E� �

ð2Þ

where kB is the Boltzmann constant, T is temperature,mi andmj are the
masses of atoms i and j; vk is the vibration frequency ofmode k; aik and
ajk denote the ith and jth components of the kth eigenvector and the
symbol < > represents an average over the simulation trajectory.
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flUAA incorporation and VCF analysis
HEK293T cells were cultured in the confocal dish with DMEM
(Corning) containing 10% FBS (PAN), and 1% Glutamax (Gibco). An
amber stop codon (TAG) was introduced at a designated position of
rP2X3, and the mutant gene was co-transfected into HEK293 cells
with the tRNA/ANAPRS pair. L-ANAP (AsisChem Inc.) was directly
added to the culture medium to the final concentration of 20 µM.
After 12–24 h, The L-ANAP-containing culture medium was com-
pletely replaced with L-ANAP-free culture medium. Cells were fur-
ther cultured in ANAP-free medium for 24 h before experiments.
Fluorescence of ANAP was excited with a wLS LED light source
(Photometrics) using BP340-390 excitation filters, DM410 dichroic
filters and BA420-IF emission filters. Emission spectrum of ANAP
was imaged with an Acton SpectraPro SP-2150 spectrometer (Prin-
ceton Instruments) and a Prime 95B CCD camera (Photometrics).
Cells with both YFP fluorescence and ANAP fluorescence were
selected, and 50 frames were recorded with 0.65 s intervals in
MetaMorph. The data values were normalized after subtracting the
background and then the emission peaks were determined by fitting
the spectra using a tilted Gaussian distribution32,50.

Total and surface expressions of P2X receptors
HEK293T cells expressing rP2X3 or its mutants were first washed
with chilled PBS three times and then incubated with sulfo-NHS-LC-
biotin. The reaction was halted by incubating the cells with 1 mM
glycine in PBS. After collecting the cells, they were lysed with RIPA
buffers. Following centrifugation, 20% of the supernatant volume
was diluted with SDS loading buffer to obtain the total protein
fraction, whereas the remaining supernatant was incubated at 4 °C
with NeutrAvidin agarose resin for 4–5 h. The resin was then washed
five times with chilled PBS, and diluted with SDS loading buffer to
obtain the surface proteins fraction. The protein samples were
subjected to SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes. The PVDF membranes were blocked
with 5% milk at room temperature for 1–2 h and then incubated
overnight at 4 °C with anti-EE-tag, anti-GAPDH, or anti-Na+/K+-
ATPase antibodies dissolved in 5% milk. Subsequently, the PVDF
membranes were washed 4–5 times with TBST and incubated with
HRP-conjugated secondary antibodies for 2 h at room temperature.
Finally, protein expression was visualized by exposing the PVDF
membranes to ECL solution (Thermo) for 1–3min using automated
chemiluminescence-fluorescence image analysis systems (Tanon
5200, Multi). The quantification of protein expression was con-
ducted using the ImageJ software. The analysis of protein expres-
sion was repeated in at least three independent experiments.

BRET analysis
HEK293T cells were transfected with rP2X3-RLUC and rP2X3-EYFP
(wild-type or mutant variants) and seeded in 96-well plates for 24 h.
The next day, cells were washed with 1× PBS, followed by addition of
90μL 1× PBS and 10μL coelenterazineH (final concentration 5μM)per
well. Luminescence of Rluc8 at 475 nm and eYFP fluorescence at
535 nmweremeasured for 1 s using aMolecular Devices ID5microplate
reader48,49.

Animals
Adult mice (8–12 weeks old) were used in all experiments. WT
C57BL/6 mice were obtained from Huachuang Sino Company
(Taizhou, China). All animals were maintained in a controlled
environment (23 ± 2 °C, 50 ± 10% humidity, 12 h light/dark cycle)
with access to standard food and water. Animal experiments
were approved by the Animal Ethics Committee of China Pharma-
ceutical University and conformed to the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health.

Mechanical sensitivity (von Frey) test
Themechanicalwithdrawal threshold isdefined as the force exertedby
the Von Frey filament that elicits a response in the hind paw. This was
determined following established procedures64. Briefly, themousewas
situated on a wire mesh surface and allowed to acclimate for
30–60min before testing. Electronic von Frey filaments were applied
to the plantar surface of themouse’s hind paw frombeneath themesh.
The filaments ascended at a consistent velocity, with progressively
increasing forces applied. Upon reaching the threshold, the mouse
withdrew its paw from the stimulus, and the force at withdrawal was
automatically recorded. Each animal underwent five assessments of
mechanical sensitivity, spaced at least 1min apart. The average value
was then computed based on the five measurements and presented as
the paw withdrawal threshold (g).

Statistical analysis
All results are expressed as Mean ± SEM, and statistics are analyzed
using Student’s t test or ANOVA, for which *P < 0.05 and **P < 0.01 were
considered as significant difference. Concentration-response rela-
tionships were fitted to the equation as I/Imax = A1 + (A2-A1)/[1 + (EC50/
[agonist])n], where I is the normalized current at a given concentration
of agonists, Imax is the maximum normalized current, EC50 is the con-
centration of agonists yielding one half of maximal currents, and n is
the Hill coefficient.

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

Data availability
The complete data generated in this study are described and provided
in this document and its associated Supplementary Information and
the Source data file. Previously solved structures were accessed from
the PDB with accession codes: 5SVJ, 5SVK, 6U9W and 6U9V. Data for a
previously released and re-analyzed structure of the P2X3 receptor in
complex with AF-219 (PDB 5YVE) (map/data table) and Membrane
ANM analysis data have been deposited to figshare [https://doi.org/10.
6084/m9.figshare.26056909]. Source data are provided with
this paper.
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